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The research described in this thesis was carried
out in the Department of Natural Philosophy of the
University of Edinburgh under the joint direction of
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The results given in Chapter IV have been published,
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based on the results presented in Chapter VI, and
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Dr. N. Miller, has been accepted for publication in
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publication a paper embodying the results of Chapter V.
Chapter I«
INTRODUCTION AND HISTORICAL REVIEW.
1.1, Introduction,
Meitner and Hahn discovered that certain -ray
bodies emitted homogeneous groups of electrons. Care¬
ful experiments showed that these electrons could not
have originated in some subsequent [5 -ray transforma¬
tion and therefore must have come from the -ray
body. This proved that some process existed by which
electrons of definite energies could be liberated from
the outer electronic structure during radioactive dis¬
integration. Black (1924) suggested that this pro¬
cess,, internal conversion, occurred after disintegra¬
tion and Meitner (1925) came to the same conclusion.
The results obtained from the studies of the
conversion electrons emitted following the radioactive
disintegrations of 2S2Th and 2'"8Th, combined with the
available data on the respective - and -radiations,
yield information about the properties of the levels
excited in 2s®Ra and SS4Ra and illustrate some of the
characteristics of -disintegration in the heavy
even-even nuclei.
A schematic representation of the thorium chain































Fir-URE 1. GGiIEI.1:TIC na^'RBoEFTATIQH OF THE THORIUM SERIES.
From the data tabulated by Hollander, Perlraan and seaborg (1953)*
A single vertical line represents disintegration by /3 -emission; a
double line represents disintegration by <*5 -emission. In the cases
in which branching occurs, the fraction following each mode is
indicated as a percentage. The letters S, M, H, D, Y stand for





Due to the very long half-life of 23%»h) (1.39
t 0.05) x 101® years,quoted by Feather 1943 , with
the resulting weak specific activity, the accurate
determination of the -particle ranges and therefore
of the energies is very difficult. The two lines,
which are now known to exist in the eC-particle
spectrum, have not been resolved experimentally.
In the period between 1911 and 1937 various de¬
terminations of the ^-particle range were made with¬
out disclosing any real agreement. The values quoted
for the range in air, at a temperature of 15°C and a
pressure of 760 mm. of mercury, lay between 2.53 cm.
and 2.90 cm. (see references under Geiger). Feather
(1949) quoted the energy determination of Clark,
Spencer-Palmer and Woodward (3,976 1 0.020 MeV) and
the C2 emulsion range of Green and Livesey (15.0 £
0.2 ^ ) and remarked that, since they gave a point
which lay clearly on the emulsion range-energy curve,
they may be considered as mutually confirmatory. The
concentrated half-tone emilsion range of 14.2 t 0.2
given by Faraggl (1946), supported this conclusion.
In 1951 Mile. Faraggi, using the emulsion range of
14.2 4; 0.2iu. , gave the associated energy as
3.
3.98 £ 0.04 MeV, In good agreement with the above
value.
The conversion electron spectrum.
Mile. Albouy (1952), using Ilford 05 nuclear
emulsions impregnated with s solution of S32Th freed
from S28Tb, studied the conversion electron spectrum.
3,760 oC -particle tracks were measured and, from a
consideration of their ranges, all were attributed to
the o<£ -disintegration of S3%h. Of these events 780
showed an associated conversion electron track, an
electron Intensity of about 20%. The distribution
of the electron ranges showed the existence of two
groups, the mean ranges of which were 17 ja and 27 ja ,
corresponding to energies of 55 keV and 70 keV, Since
this energy difference (15 keV) was the same as that
between the binding energies of electrons in the L
OOQ
and M shells of " Ra, Albouy interpreted the observed
electron groups as having been emitted from these
shells. This led to an excited level of 2saRa
approximately 75 keV" above the ground state. The
mean range of the -particles with no associated
electron was slightly longer than that of those with
associated electrons.
Later in the same year Dunlavey and Seaborg
(1952) published the results of their investigation of
the conversion electrons accompanying the
4.
od-disintegration of some heavy nuclei. Prom 5,100
232>ph oC -particle tracks observed in G5 emulsion, an
electron intensity of 84 1 3$ was estimated. Two
groups of electrons were observed with energies of
35 t 5 keV and 50 t 5 keV. Interpreting them in the
satne way as above, these authors gave the energy of
the excited level of as 55 1 5 keV. Both
Albouy and Dunlavey decided that since the intensity
of the )f -ray emission from this excited level was
probably very low, the conversion electron intensity
was a good approximation to the intensity of excita¬
tion of the level.
Philbert, C-enin and Vigneron (1954), from a study
of 603 232Th oC -particle tracks in C2 emulsion, gave
the mean energy of 3.990 1 0.020 MeV, in good agree¬
ment with earlier values. On the basis of Albouy*s
results they estimated that the oC -particle spectrum
consisted of two lines of energies 4.008 t 0.020 MeVj
and 3.933 t 0.020 MeV". The corresponding energies
deduced from the results of Dunlavey and Seaborg were
given as 4.004 ± 0.020 MeV and 3.949 t 0.020 MeV.
It was because of the discrepancies between the
energies and intensities, assigned to the first ex-
PP8
cited level of Ra by Albouy and by Dunlavey and
Seaborg, that the investigation was undertaken by the
present author. The results of this investigation
5*
(59 1 1 keV and 24 1 3% intensity) were published in
1955.
In a paper of 1956 Albouy revised the values,
which she had given previously (1952), to 60 keV and
22 £ 2% intensity.
1.2.2. S88Th (Radiothorium).
The gC-radiation.
Estimations of the range and the total effective
energy of the 2^8Th <?C-particles, as a single unresol¬
ved group, have been made by various experimenters.
Geiger (1922), revising the earlier measurement of
1911, gave the ^-particle range in air, at a tempera¬
ture of 15°C and a pressure of 760 mm. of mercury, as
4.019 cm. end the energy as 5.347 MeV. Curie (1952),
in 8n experiment with a Wilson cloud chamber, deter¬
mined the range in air, at the same temperature and
pressure, as 3.99 cm. with a probable experimental
error of not more than 0.03 cm. Feather (1949) quoted
the results of Clark, Spencer-Palmer and Woodward who
gave the effective energy as 5.38 £ 0.02 MeV and of
Green and Livesey who measured the C2 emulsion range
as 22.9 £ 0.2|J-. The G5 emulsion range was deter¬
mined by Albouy and Teillae (1950) as 22.9 £ O.lp .
The first workers to observe the fine structure
in the oC.-particle spectrum were Rosenblum and Chamie
(1932). Focusing the -particles with a large
6*
electro-magnet, they found three lines and
*CX. The two higher energy lines, and e^g, were
definitely attributed to 8S8Th, but the origin of ©4X>
a very weak line, was uncertain. The energy differ¬
ences between the lines were given as e-4^ - o^2 = 82
keV, = 12S keV and 06g "* - 42 keV* In
1933 these investigators confirmed the existence of
o<Cl and The estimated energies of the lines
were 5.420 MeV and 5.335 MeV respectively, giving an
energy difference, corrected for recoil, of about 86
keV. They suggested that oCx probably originated
from Po, which had been removed from the source used.
In both these sets of experiments the line of 2l2Bi
was used as a standard. Chang and Coor (1948), also
using a magnetic analysis method, gave the energy of
eC2 as 5.354 £ 0.02 MeV, by taking *6^ (5.430 MeV) as
the reference line. Some inconclusive evidence for
the existence of weak lines of lower energies ?/as
found. The next attempt to analyse the o^-particle
spectrum was made by Rosenblum, Valadares and Perey
(1949). Assuming the highest energy cC-line of 224Ra
to be 5.681 MeV, they found = 5,423 MeV and
oC2 88 5.338 MeV, resulting in a nuclear energy differ¬
ence of 86.7 keV. The intensity ratio of 06^/^
was given as (39 t l)/100, A slight broadening of
the e^x-line wss observed.
7.
The results of a detailed study of the complex
06-particle spectra of the heavy elements hsve been
published by Asaro in a thesis of 1953. The spectrum
of the 2S8Th <=*1 -particles was given in a paper by
Asaro, Stephens and Perlman (1953). The -particle
spectrograph employed a 60° symmetrical magnetic
analyser, the normal trajectory having a radius of
curvature of 75 cm. The source used was purified by
the use of a Dorvex-50 ion exchange resin, upon which
the radium and thorium fractions were adsorbed and
eluted selectively. After the chemical separation of
a sample, its solution was evaporated on a tungsten
filament, and then vacuum sublimed on to a platinum
plate marked to approximate to a line source of .re¬
activity. The ^-particles were detected in nuclear
emulsion plates. After exposure the plates were ex¬
amined under a microscope and a count made of the
number of tracks whose direction lay within a certain
cone of acceptance. Taking the pC-line of 224"Ra
(5.681 MeV) as a standard, the four lines observed
were associated with energies of 5.421 ± 0.001 MeV
(<^1), 5.338 t 0.001 MeV (*C2), 5.208 MeV (oCg) and
5.173 MeV (0C4.), which gave nuclear energy levels at
84.3 keV, 217 keV and 253 keV above the ground state.
The respective intensities were estimated as 7128
0.4$ and 0,2%, The energy and intensity values given
8.
for the oC->L and lines agreed well with those found
by Rosenblum, Valadsres and Perey.
The y - and X-radiations.
Thibaud (1926), by a rotating crystal method,
fi-nmd two electromagnetic radiation lines with wave-
—9 —9
lengths of 1.45 x 10 cm. and 1.68 x 10 cm.
Meitner (1929), on the basis of the results obtained
from a study of the conversion electron spectrum,
—9
concluded that the 1.68 x 10 cm. line could not be
attributed to the disintegration of Si:'8Th and by
repeating the above experiment showed that it origina-
pi p
ted from ^ ^Pb.
Riou (1949 and 1950), using a selective absorp-
ft
tion technique with a Qeiger-Muller counter, filled
with xenon and alcohol, as a detector, studied the
electromagnetic radiation spectrum emitted from a pure
source of Three lines were found with ener¬
gies and intensities (number of photons per 100 dis¬
integrations) of 14 keV and 7 ± 1.5, 83.3 keV and
1.8 t 0.5 and 86.8 keV and 0.7 1 0.2. By considering
the difference in binding energies of electrons in the
L-and M-shells of 2S4Ra, the 14 keV line was shown to
be the L X-ray of radium. It is also emitted
following the disintegration of S30Th. Prom the
intensity ratio of 86.8 key line («^o.35), Riou re-
83.3 keV line
marked that these lines could not be the K X-rays of
9.
radium, since in normal emission Intensity of KgC-^ _ g>
Intensity of K<?£g
He therefore interpreted them as two Y-rays emitted
294,
from an excited level of ' Ra at about 87 keV above
the ground state. This interpretation fitted in with
the apparent broadening of the o^-line observed by
Rosenblum, Valadares and Perey, which suggested the
possibility of the existence of a level very close to
the ground state, as shown in Figure 2. Using the
intensity of the L X-ray and the fluorescent yield
(0.37), Riou calculated that the L-shell should be
ionised in (19 1 3)% of the disintegrations, a result
in violent disagreement with those of Surugue and
Tsien, but in good agreement with the results of later
work.
In 1951 Beling, Feld and Halpern studied the
o<-- Y angular correlation. The oL -particles and the
Y -rays were detected by scintillation counters and
differential discrimination was used on both oC- and
Y -pulses. A large number of runs, each lasting
several hours and including angles in all four quad¬
rants, were made on thin sources of 228Th freshly
228
separated from a mixture of " Th and its disintegra¬
tion products. They supposed, in accordance with
current ideas, that two Y-rays were emitted. Absorp¬
tion measurements of the coincidences showed that the
Y -rays had energies between the K-edges of gold and
FIOUBE 2.
10. ~
lead (81 keY and 88.5 keV respectively) and that their
Intensity relative to the -particle intensity was
roughly as expected. The fact that coincidences were
observed with a 0.3^ sec. resolving time and the
large cos^* 8 (8 = angle between the detectors) term
in the observed correlation, suggested that the radia¬
tion was E2. By absorbing the 86.6 keV radiation in
thallium separate correlations were obtained for the
two radiation lines. The results showed fairly good
agreement with the theoretical correlation, and al¬
though the differences were significantly outside the
experimental errors, these workers concluded that the
oc y
spin sequence 0 >2 >0 at least played an important
part in disintegration of 22%h >22%?a. Battey,
Madansky and Rasetti (1953)» supposing only one Y-ray
(after Riou 1953), also studied the °C - ¥ angular
correlation and arrived at a similar conclusion. In
the same year Abragam and Pound (1953) published a
paper in which they suggested that the discrepancies
between the theoretical and observed correlations could
be explained by the quadruple coupling in the inter¬
mediate state.
The first conclusive evidence of the existence of
higher- levels in which are excited by the ^-
disintegration of 22®Th was given in a paper by
Bouissieres, Palk-Vairant, Eiou, Teillae and Victor
11.
(1953). Detecting the X-rays from a pure source of
228Th with a sodium iodide, thallium activated crystal,
they found four if -lines in the spectrum. Using the
283 keV ray of 205Hg and the 140 keV ray of 99Tc*as
reference lines, the energies were given as 84- keV,
133 t 2 VeV, 172 t 4 keV end 216 t 3 keV, with the
relative intensities of 100, 14, 10 and 17 respectively
In a communication to those workers Rosenblura mentioned
that in the oC-particle spectrum a line probably exis¬
ted which would lead to an excited level of 216 keV.
They interpreted the 133 keV ^-ray as belonging to
the transition from the 216 keV level to the 84 keV
level. The relative intensities of the 133 keV ^ -ray
and the 216 keV V-ray led them to suggest that the
216 keV level was a 2 + state. This was suggested
also by Falk-Vr1rant in a thesis of 1954. These ex-
ppA
periments also observed the L X-ray of Ra at 15 keV.
Riou (thesis 1953) gave experimental results which
differed considerably from those of his earlier work.
Only two radiation lines were quoted as belonging to
the 228^h disintegration, the 15 keV L X-ray and one
Y -ray of 85 keV. The percentage intensities were
given as 7 t 1.5 and 2.1 t 0.7 respectively. From
the -ray intensity and the available information from
the ©6-particle and conversion electron spectra, he
calculated that the total intensity of the conversion
12.
electron emission should be about 25$, which led to a
value of 18 £ 1$ for the intensity of the emitted L-
shell electrons. This value was in good agreement with
that of 17 t 4$ deduced from the L X-ray intensity and
the fluorescent yield 0.40, previously given as 19 t 3$
(1949 and 1950). Using the intensity of 18 + 1$ Riou
calculated the internal conversion coefficient for the
L-shell as 10 t 4, and from a comparison with the
theoretical coefficients he considered that the radia¬
tion was E2. The spectroscopic designation (2 +) of
the 85 keV level of 224Ra therefore conformed to the
empirical rules regarding the first excited levels of
the heavy even-even nuclei.
With a freshly separated source of 2S8Th (within
1 hour of use) Asaro, Stephens and Perlman (1953)
studied the -ray spectrum by using a sodium iodide,
thallium activated crystal as a detector. The puri¬
fied solution was evaporated down, alpha counted and
pulse analysed in a 50-channel gamma-scintillation
counter. The cL -particle activity of the source used
was 3 x 106 disintegrations per minute. Pour lines
were observed with energies of 89 keV, 137 keV, 169 keV
and 212 keV. These energies were estimated by using
the 60 keV ^ -ray of and the 184 keV /-ray of
So5U as reference lines and were probably accurate to
about 5 keV. By assuming that one 60 keV S4*Am
13.
^ -ray was associated with 40% of the ^4"^Am c£-
disintegrations, the respective abundances of these Y -
rays, after relevant corrections had been made, were
found to be 1.6, 0.26, 0.09 and 0.27$ of the 228Th
-emission. The 89 keV V-ray was attributed to the
de-excitation of the 84 keV level, and since this
level was populated by an oL-particle feed of 28$ in¬
tensity, an internal conversion coefficient of 16 was
calculated. This value strongly suggested that the
radiation was E2 and therefore the spectroscopic desig¬
nation of 2 + was given to the first excited level of
S2^Ra. The 169 keV Y-ray corresponded to a transi¬
tion from the 253 keV level to the 84 keV level. Prom
a consideration of the intensity of excitation of this
higher level (0.2$) the internal conversion coefficient
was found to be 1.2. This led these workers to the
conclusion that the radiation was E2 and they there¬
fore assigned a spin of 0, 2 or 4 and even parity to
the 253 keV level. Because of the absence of a
cross-over transition and the apparent absence of any
Ml admixture, the designation of 4 + was thought to be
the most probable.
The energies of the 137 keV Y -ray and the 212
keV ^-ray agreed, within the experimental errors, with
the transitions from the 217 keV level to the 84 keV
level and to the ground state respectively. The sura
14.
of the Intensities was the same (greater from the
experimental results) as the population (0,4%) of this
217 keV level and so the conversion coefficients for
both Y-rays must be 1. This could be fulfilled
only by El radiation and therefore it was suggested
that the 217 keV level was a 1-state.
The intensities quoted by Asaro (thesis 1953) and
by Stephens (thesis 1955), although differing slightly
from the above, were substantially the same.
Additional evidence for the conclusion that the
second excited level of ^8^Ra is a 1-state was provided
by the oC- Y angular correlation. The results of the
investigation of the observed correlation of the 212
keV Y -rays with the oC-particles feeding the 217 keV
level were given by Stephens, Asaro and Perlraan (1954)
and in a thesis by Stephens (1955). The observed
correlation did not agree exactly with the theoretical
correlation but the discrepancy probably was due to the
large sample size and to the relatively poor geometry,
for which no corrections were made. Nevertheless, the
experimental results were taken as fairly good support
for the assignment of 1 - to the second excited level,
particularly as there were limitations on other poss¬
ible assignments. It was fairly certain that the 212
keV Y -ray went to the ground state of ss4Ra and
therefore must be electric. The assignment of E3 or
15.
higher multipolarities was ruled out on the basis of
the prompt coincidences observed. These workers,
therefore, considered only El or E2 and the angular
correlation expected for E2 is very different from that
found. The ^-radiation from the 34 keV level was
confirmed as being probably E2.
Early in 1954 Newton and Rose gave the results of
their investigations on the ^-ray spectrum between
30 keV and 220 keV. The energies and relative inten¬
sities of the 4 lines, which they attributed to the
PP4
de-excitation of the Ra nuclei, were given as
84.4 t 0.2. keV (1), 132.3 t 1,3 keV (0.105 t 0.010),
167 t 2 keV (0.058 t 0.012) and 214 1 3 keV (0.18 1
0,05), in good agreement with previous results. The
level scheme and the spectroscopic designations which
they favoured lent support to the conclusions of
Asaro, Stephens and Perlman, although they suggested
that the third excited level might lie 166 keV above
the 217 keV level and have an energy of 383 keV.
The conversion electron spectrum.
Using a magnetic spectrograph, Meitner (1929)
studied the conversion electron spectrum emitted follow¬
ing the disintegration of fe28Th and found four intense
lines and two very weak lines. She interpreted the
four strong lines as having been produced by two radia¬
tion lines, the energies of which were the same as
16.
those of the K oC-^ and Ke4g X-rays of 2S4Ra, Thus,
Meitner supposed that the 2S8Th -particles, in
passing through the electron shells, excited the Ir¬
radiation, which in turn caused the emission of Auger
electrons from the L~ and M-shells. A difficulty
which arose from this interpretation was discussed by
Riou (1949).
In 1941 Surugue and Tsien found four conversion
lines, the energies of which agreed fairly well with
those of the strong lines observed by Meitner* The
existence of the two weak lines was not confirmed. At
this time two lines were known to exist in the -
particle spectrum and so these workers postulated the
existence of two ^-rays of energies 83.3 keV and 86.8
keV, the electrons having been emitted from the L- and
M-shells. The total intensity of the conversion
228
electrons was given as 6.9$ of " Th ®£-emission.
A nuclear emulsion study of the conversion elec¬
trons was made by Albouy and Teillac (1950), Impreg¬
nating Ilford G5 electron sensitive emulsions with
solutions of pure S32fh and 228Th in equilibrium with
its disintegration products, they identified 1850
pp8
events as belonging to the &L-disintegration of Th,
of which 141 showed associated conversion electron
tracks. The energy of the electrons emitted from the
L-shell was given as 65 keV which led to an excited
17.
level of about 83 keV. The electron intensity, of
approximately 7,6%, agreed well with that observed by
Surugue and Tsien, hut when considered in conjunction
with the Y-ray intensity of Riou (1949) showed no
agreement with the results obtained from the ^-particle
spectrum.
Roseriblum, Valadares and Guillot (1952), by means
of a ^-spectrograph, re-examined the conversion elec¬
tron spectrum. The electrons were detected in plates
which, after exposure, were scanned with a microphoto¬
meter. Four lines were observed, two of which were
shown to be doublets, but the two weak lines found by
















A 892 65.8 100 18.5 (Ln) 84.3
B 914 68.9 84 15.4 (I'm) 84.3
C 988 79.7 29 4.5 (MIX) 84.2
°1 993 80.k 23 3.8 (Mm) 84.2
D 1012 83.3 13 1.1 (NJX) 84-4
»1 1018 84.0 2 0.3 (0) 84.3
F ray of 2*~Pb 1388.5 oe.-cm. used as reference line.
18.
The lines A, B, C and D corresponded to those found by
Meitner and by Surugue and Tsien. Rosenblum,
Valadares and Guillot pointed out that the previous
interpretations which presumed the existence of two
radiation lines, either X-rays or Y-rays, necessitated
that the energy differences B - A and D - C should be
the same, whereas their results showed that the former
energy difference was 0.5 keV less than the latter.
Prom the ratio of the number of electrons emitted from
the Ljj and Ljjj sub-shells they deduced that the
observed spectrum could be interpreted on the basis of
only one ^-ray of energy 84.3 keV and multipolarity
E2. The sub-shells Mjj, Mjjj, N-q and 0 were chosen
to fit the energy given by the conversion in the Ljj
and bjjj sub-shells. They therefore concluded that
opA low - fyinf
TJs had only one^excited level, 84.3 keV" above the
ground state, with a spin 2 and even parity. In 1954
they repeated this investigation and found substantially
the same results, although the energy of the excited
level was revised to 84.5 keV.
With a coincidence counting technique Victor,
Teillac, Palk-Vairant and Bouissleres (1952) determined
the number of conversion electrons emitted per oL -
disintegration. Using the photon intensity given by
Riou the total internal conversion coefficient was
found to be 12 compared with the theoretical
19,
coefficient for E2 of 16 (C-ellman, Griffiths and
Stanley). They therefore considered that the radia¬
tion was 32. Palk-Vairant (thesis 1954) carried this
calculation one step further and arrived at the same
conclusion. Prom the results of Rosenblum, Valadares
and Guillot, which showed that 74% of the electrons
were emitted from the L-shell, he found ©4L = 8.9 £ 5*
Jarvis (1953), using Kodak NT4 nuclear emulsions,
ppg
impregnated with Th solution, found electrons which
appeared to he emitted in the de-excitation of the
opA
higher energy levels of Ra. She considered 569
pC-particle tracks of which 214 showed associated con-
version electrons, an intensity of 42?«, The two
highest energy lines (27% intensity) represented elec¬
trons emitted from the L- and M-shells and indicated
an excited level at about 84 keV. These electrons
were associated with oC -particle tracks with a mean
range 0.5^ shorter than the normal, which corresponded
to an energy difference of 87 ± 24 keV. This inten¬
sity, along with the Y-ray intensity of Riou, gave a
total intensity of excitation of the 84 keV level in
good agreement with that obtained from th© oC -particle
spectrum. A group of low energy electrons, with an
intensity of 15%, were associated with ^-particles of
a mean range 1.2 jj- less than the normal and this
suggested that these electrons were emitted in the
20.
de-excitation of a level 209 i 28 keV above the ground
state* Jarvie concluded that this was consistent with
higher energy Jf-rays found by Bouissieres and his
collaborators (1953), since the electrons could be
attributed either to the L-conversion of a 44 keV ^ -
ray (216 keV - 172 keV) or the K-conversion of the 133
keV if -ray. The intensity, however, was very much
higher than allowed by the eC-particle feeds to these
levels. A few events which indicated a cascade pro¬
cess were observed but not discussed.
Albouy (1956), from a nuclear emulsion study, gave
the energy and intensity of the first excited level as
84 keV and 25 t 2% and concluded that the radiation
was E2.
Summary.
The results of these investigations, on the whole,
are consistent with the level scheme suggested by
Asaro, Stephens and Perlman (see Figure 3), although
the quoted energies, with the exception of that of the
first excited level, may be subject to slight correc¬
tions. The implications of this scheme will be dis¬
cussed in Chapter V. The first excited state is al¬
most definitely a 2 + state. Two spectroscopic
designations, 2 + and 1 -, have been suggested for the
217 keV level but the weight of evidence favoured 1 -.
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FIGURE 3. THE 22i*Ra LEVEL SCHEME SUGGESTED BY
AiiARO. &TEPHBH3 AHP PSRLMAK (1953).
21.
de-excited only by a transition to the 84 keV level,
the designation of 4 + was thought to be the most
probable.
This was the position when the present investiga¬
tion was started.
1.3. Outline of the present work.
Ilford OS electron sensitive emulsions (200^
thick) were impregnated with the active solutions, ex¬
posed, processed and then examined under a microscope.
In both investigations, the events considered consis¬
ted of a single ©4-particle track, the »4-particle
"stars" which resulted from successive disintegrations
in the thorium chain being ignored. Following the
^-disintegration of S32Th and 228Th, approximately
25% of the daughter nuclei are left in an excited state.
The excited levels are de-excited either by the
emission of ^ -rays or by the emission of conversion
electrons. These electrons can be recorded by the
nuclear emulsion and thus events were observed in
which an oC-particle track and an electron track had a
coiranon origin. Since the nuclear emulsion technique
permitted a study of the disintegrations one at a time,
information regarding the energies and absolute inten¬




II.1. Preparation of Sources.
To reduce the number of unwanted events in the
emulsion, the sources used were prepared as free from
contamination as possible.
Chemical Separations,
232rh. To a few drops of a solution of 2^Th
with its decay products (not in equilibrium) 2 mg.
each of aluminium and barium carriers were added. The
aluminium hydroxide was precipitated with NH^OH, carry¬
ing with it almost all the thorium and leaving almost
all the radium in solution. The precipitate was
centrifuged down, washed three times to remove traces
of radium, and dissolved in 5 ml. oflNHCl. 2 mg. of
bismuth carrier were added and precipitated as bismuth
sulphide by bubbling HgS through the solution to
saturation. This removed 21SPb (ThB) and 212Bi (ThC)
as sulphides. The precipitate was filtered off and
boiled gently for about 5 minutes to remove the HgS.
2 mg. of barium were again added and the aluminium
hydroxide precipitated with ammonia. The precipitate
was then centrifuged down, and redissolved in 2 - 3
drops of concentrated HC1, the solution being
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subsequently made up to 5 ml. with distilled water.
Finally, the precipitate of hydroxide was washed four
times to remove HG1 and dissolved in a few ml. of a
\Qffo solution of citric acid.
£^Th. Two techniques were used in this case.
For the first Impregnation (Plate l) the above method
was used starting with a solution of 228Th in equili¬
brium with its decay products. Difficulty arose in
the investigation of some events due to the apparent
presence of single SS4Ra -particle tracks. This
point will be discussed more fully in Chapter V. In
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an attempt to effect the complete removal of ' Ra by
recycling the latter stages of the separation four
times, it was found that the S28Th, due to the small
mass involved, was lost in the process. To overcome
this difficulty the following method was used for the
second impregnation (Plate 2).
To a few drops of the 228Th solution 1 rag. each
of barium and lead "hold-back" carriers and 3 trig, of
cerium carrier were added. The eerie carrier was pre¬
cipitated as iodate by iodic acid in 0.1N HC1 solution.
This precipitate, which carried the ~^8Th, was centrl-
fuged down, washed four times and dissolved in 2 ml,
of IN HNO3. Following this, the cerium was reprecipl-
tated as hydroxide with NH4OH. Subsequently the
hydroxide precipitate, which carried the ^28Th, was
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dissolved in 5 ml. of dilute HC1 and repreclpitated
with NH40H, this process being recycled a further two
times to remove traces of HlOg. Finally the precipi¬
tate was washed four times and dissolved in a few ml.
of a 10% solution of citric acid.
All the impregnations were done immediately
following the separations, using emulsions which had
been made a few days previously.
II.2. Treatment of Plate-.
II.2.1* Impregnation of Plates.
The reason for the presence of the citrate ion in
the impregnating solution is t?/ofold. It has been
found (Yagoda, 1949; Jarvis, 1950) that the impregna¬
tion of nuclear emulsions with heavy elements is com¬
plicated by the tendency of these elements to form
chemical bonds with the outer layers of the emulsion.
The citrate ion forms a complex with the heavy element
which prevents this bonding, and so permits effective
penetration of the impregnating material (Zajac and
Miller, 1952), The citrate also prevents the pre¬
cipitation of barium in the emulsion when carbonates
are added during development.
Ilford G5 electron sensitive emulsions yield
maximum sensitivity when impregnated with a neutral
solution, and therefore the solution of the active
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material should have pH ~7 when possible. In the
case of SS8Th this value of the pH was used. With
^3^Th, however, the longer half-life necessitated the
use of a larger mass of active material and this led
to complications. Due to the variation of the resid¬
ual solubility of thorium citrate with the pH of the
aqueous solvent, an acid solution had to be used to
obtain a uniform density of active material throughout
the complete depth of the emulsion. A pH between 3
and 4 gave satisfactory results.
Since, in both investigations, the exact activity
of the source used was unknown, it was necessary to
perform tests covering a wide range of source dilution,
in order that a satisfactory density of events be ob¬
tained in the final plates. The plates (emulsion
thickness 200p.) were cut into 1 in. x 1 in. sections
and soaked in the radioactive solution for 45 minutes
at room temperature. The sections were then dried for
2 hours in a current of warm air (about 30°C) and
stored for various lengths of time in the presence of
a saturated solution of KgOOg (relative humidity 444).
The soaking of the plates in water before impreg¬
nation, in order to swell the emulsion, made no
appreciable difference to the speed of penetration of
the impregnating material. This stage was dispensed
with in the preparation of the plates finally used in
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the investigations. As the emulsion dried it tended
to peel off from the glass backing. This may have
been due to the mechanical stresses set up in the gela¬
tine as it contracted. To prevent the emulsion
actually peeling off, great care was taken in the cutt¬
ing of the plates and the drying was not allowed to be
too rapid. The addition of a few per cent, of glycer¬
ine to the impregnating solution had no appreciable
effect.
II.2.2, Exposure of Plates.
Since the initial energies of the particles stud¬
ied were deduced from their ranges, it was desirable
that all disintegrations shoxild have taken place while
the stopping power of the emulsion was constant. The
stopping power of the emulsion depends upon its mois¬
ture content which, in turn, depends upon the relative
humidity of the surrounding air. It was therefore
essential to control the relative humidity during the
exposure time of the plates. The value of was
that normally used in the laboratory.
The choice of exposure times used \vas influenced
mainly by two considerations. The emulsion records
the tracks of ionising particles during the impregna¬
tion, drying and development times, as well as during
the exposure time. The ranges of tracks recorded in
these conditions of variable stopping power will
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differ materially from those recorded when the emul¬
sion is "normal" (during the exposure time). In
order to prevent serious trouble from this source, it
is necessary to reduce the ratio of such events to the
total number of events as much as possible. This
entails the use of a total exposure time which is long
compared with the wet (impregnation plus drying plus
development) time. The second consideration, the
cosmic ray background, unfortunately acts in the oppo¬
site dlrectionj the longer the exposure time the
greater is this background. Thus, an optimum had to
be found* After several trials, an exposure time of
10 days appeared to be a reasonable approximation to
this optimum, and was used in both investigations.
The consideration of half-lives was not critical in the
present work.
II.2.3. Processing of Plates.
The plates were developed according to the
temperature development method of Dilworth, Occhialini
and Payne (1948). The solutions used are given in
Table 2.
The 'Slon' developer used does not give satisfac¬
tory results unless the pH of the plates is neutral.
This effect has been found by Picciotto (1949) working
with uranium loaded plates. In order to neutralise
the plates used in the 232Th investigation, they were
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soaked, "before development, in a sodium "bicarbonate
solution for 20 minutes. The developer was chilled
to approximately I4.0C (temperature of water at its
maximum density). The plates, still immersed in the
sodium bicarbonate solution, were gradually cooled
down to this temperature. They were then transferred
to the developer and left for 30 minutes. During
this time the developer diffused throughout the emul¬
sion but did not react chemically with it to any
appreciable extent. The developer plus plates were
then transferred to a warm bath (temperature 22°C) and
left for 25 minutes while development proceeded. This
time, chosen after a series of trial development times
had been used, was found to produce plates in which the
internal conversion electron tracks were fully devel¬
oped and yet caused the formation of relatively few fog
grains. Kext, the plates were put into the stop bath
for 20 minutes. At the end of this time the layer of
silver present on the surface of the emulsion was re¬
moved by gentle rubbing with a moist finger. Finally,
the plates were transferred to the fixing bath and left
there for one and a half times the length of time re¬
quired to produce complete clearing. During this time
the "hypo" and plates gradually cooled from 22°C to
room temperature.
The same procedure was followed with the '-2%h
r
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plates with the exception that pure water replaced the
sodium bicarbonate soaking solution.
The plates were then washed to remove the hypo.
The hypo concentration was gradually reduced by the
addition of water at room temperature. This reduction
was continued until a sample of the wash water was no
more effective in decolouiising a dilute KMn04 solution
than was an equal volume of tap water. (For details
of this test see Ilford Manual (January 1953} page 211.)
<After this the pistes were laid out horizontally and
allowed to dry.
When the plates were dry they were soaked in the
glycerine solution for 2 hours. This was an attempt
to replace the glycerine lost from the emulsion during
processing and so toughen the emulsion, making it less
likely to peel off in the dry atmosphere of the labora¬
tory.
Some plates were developed using "Amidol" develop¬
er, but the results obtained were not so satisfactory
as those obtained with "Blon".
II.3. Microscopic Examination of the Plates.
The plates were studied under a W8tson-Bactil
binocular microscope (2 mm. oil immersion objective,
x 10 holoscopic eyepieces), the rated overall magnifi¬
cation being 980 diameters. Photographs of some
30.
representative events are shown in Figure 4,
Ab stated in Chapter I, only single oC-particle
tracks (with or without associated conversion electron
tracks) were studied. This limitation was imposed so
that the identification of a conversion electron track
as being associated with the o6-particle track under
consideration could be made. This would not be poss¬
ible if «£-particle stars were considered (see Figure
4a). To reduce the possibility of missing a conver¬
sion electron track associated with an «<-particle
track, only those events which originated at least 20^
below the emulsion surface, or 20 ju. above the glass
backing, were studied.
The actual numbers of events studied in the in¬
vestigations are given in the relevant chapters.
The three-dimensional ranges of all single oL-
particle tracks were measured, and the initial energies
of the ©4-p8rticles estimated from the mean range
versus energy calibration of Rotblat (1950), From
&
the known energies of the oC-particles emitted in the
various naturally occurring radioactive disintegration
232 228
those emitted from ' Th and Th were identified.
Similar measurements were made on the associated
X The energies are given in the Table of Isotopes
(Hollander, Perlman and Seaborg, 1953).
FIGURE 4a. An ^-particle "star" formed by
successive disintegrations stai'ting at 22°Th.
It is impossible to determine with which
oC-particle track a conversion electron is
associated.
FIGURE hb. A 22^-particle track with
no associated electron track.
FIGURE he. A 22®Th oC-particle track with
associated conversion electron emitted in the
de-excitation of the 8k keV level of 22%a.
Although the events shown above are
228
associated with the disintegration of Th,
the corresponding events associated with the
disintegration of 2^2Th look very similar, with
the slight difference that the cOparticle and
conversion electron ranges are shorter, and the
'tutor" oonoioto of six ^ tracks.
PiGURS k&. A Th particle track with an
associated conversion electron interpreted as
having "been emitted in the de-excitation of a
higher level (see V.4.5)*
ESU
- $tc &*
' * <• f
FIGuna he. A %h ^-particle track with two
associated conversion electrons indicating a
cascade process. The electrons were Interpreted
as having "been emitted in the de-excitation of
the 21? keV level (see V.4»2).
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conversion electron tracks. Grain counts were also
taken for these electron tracks.
In estimating the three-dimensional range of an
ionising particle, the track is first analysed into
straight line segments, the length of each is obtained
from measurements of its horizontal and vertical pro¬
jections, and these lengths are summed to give the
total track length. In the case of an ^-particle
track, the entire track usually consists of just one
segment. The path of an electron is more tortuous,
especially near the end of its range, and so the
estimate of its length requires the measurement of a
large number of segments.
Measurements of the horizontal projections were
performed with a calibrated eyepiece graticule
(approximately 1 p per division). The vertical pro¬
jection measurements involved the use of a graduated
fine-focusing adjustment (approximately 0.8 p. per
division), which was al?/ays racked upwards in order to
minimise the mechanical lag. In both cases the
scales could be read to the nearest 0.lp, but this
does not reflect the true accuracy of the measurements.
In accordance with the current practice, the
measurements were made between the centres of the
grains that defined the ends of the segment* There
is no guarantee that the population of track lengths
32.
so obtained coincides exactly with the population of
true ranges. The relationship between the two popu¬
lations is hopelessly complicated, and only the former
is obtainable experimentally. Superimposed on this
uncertainty are the difficulties of measuring the
small distances which are often involved; this is
especially true in the depth measurements where the
finite depth of focus of the microscope, and the im¬




MSASUR3MENTS ON -PARTICLE AMD
INTERNAL CONVERSION ELECTRON TRACKS.
III.l. -Particle Measurements.
III.1.1. Introduction.
The three-dimensional range of an ^-particle
track is given by R = (x2 + y2)% where x is the true
horizontal projection of the range and y is the true
vertical projection of the range. The problem to be
discussed now is that of relating the range projections
which ore measured in the processed emulsion to those
produced in the emulsion during the exposure time.
During the processing of nuclear emulsion shrink¬
age occurs. This effect has been studied by Powell
(1946), who found that no appreciable change occurs in
the length or the width of the emulsion, but that the
removal of silver bromide during fixation causes a re¬
duction in the emulsion thickness. The amount of
this reduction depends on the initial composition of
the emulsion.
Thus5 while the accurate measurement of x presents
no difficulty, the accurate determination of y requires
a knowledge of the shrinkage factor, k. It is then
necessary to determine k and to study its variation
with position in the emulsion and with steepness of
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track.
Rotblat and Tai (1949) found that k 1b independent
of depth in the emulsion. They also found that the
value of k obtained from the ratio of the thicknesses
of the unprocessed and processed emulsion caused the
ranges of *9-particle tracks to increase with track
steepness, whereas it is expected that the true ranges
would be independent of steepness. They concluded
that this value of k is applicable to tracks whose
angle to the horizontal is less than about 30°, but
that a smaller value must be used for steeper tracks.
Jenny and Hurlimann (1951) showed that k is independent
of both depth in the emulsion and steepness of track,
and they pointed out that if Rotblat and Tai had used
a smaller value of k the observed dependence on steep¬
ness would have vanished. Horan (1953), in agreement
with the results of Rotblat and Tai, observed an in¬
crease in length with steepness, but G-reenberg and
Haslam (1953) have remarked that if Horan had used a
smaller value of k he would have observed none. These
latter authors, like Jenny and Hurlimann, reached the
conclusion that k is independent of depth and steep¬
ness. Work by Palmer and Simons (1955) showed no
variation of track length with angle of dip.
The reason suggested by Rotblat and Tai (1949) for
the observed dependence of k on steepness is that
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during shrinkage the grains on a steep track come into
contact with each other snd are so prevented from
following further displacements of the emulsion.
Jarvis (1950), using heavily developed plates, obtained
results in agreement with this suggestion. In the
present work the plates used were not heavily develop¬
ed, and it was assumed that k is independent of both
depth and steepness. The results obtained indicate
that this was justified.
III.1.2. Experimental Method.
The method used in the present investigations to
estimate the range of an <<.-particle track is based on
a method, suggested by Vigneron (1949), to determine
depth conversion.
the chra.nkoge factor of a given emulsion relative to
.
the measurements made with a particular microscope.
If z units of the fine-focusing scale, and there-
fore ez microns, is the vertical projection of an -
particle track measured in the processed emulsion, then
the corresponding distance in the emulsion during ex¬
posure is y = khcz, where k is the shrinkage factor
and h is a correction factor for the difference in the
refractive indices of the immersion oil and the gela¬
tine of the emulsion. Putting k* = kbc, then
depth conversion.
y = k'z, where k* is the shrinkage factor relative to
the microscope used. The range of an -particle
track can now be found from R = (xS + k,2z8)2, kf
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being determined from measurements made on a hundred
tracks produced in the emulsion by monoenergetic
particles.
o p
From such measurements, a graph of z"5 against x
was plotted, the points lying along a straight line of
elope - (l/k#s). In practice R is not strictly con¬
stant due to the straggling of the ranges and errors
in measurement, and the best straight line through the
points was found by the Gaussian method of least squares.
The point at which this straight line cuts the x-axis
is the square of the mean range of the tracks con¬
sidered. A oorioc of Straight lines were then drawn
parallel to this best straight line representing ranges
at intervals of 0.5 micron (see Figure 5). Therefore,
to find the range of an -particle track, the hori¬
zontal projection (in microns) and the vertical pro¬
jection (.in units of the fine-focusing scale) were
squared and plotted, then the range (in microns) was
read off. The ranges were read to the nearest 0.1
micron, although this does not represent the true
accuracy of the ranges since errors will have been
introduced in the initial measurements of x and z.
This calibration was made for every plate exam¬
ined! a hundred randomly selected ss8Th oC -particle
tracks being used in both investigations.
One further point must be considered. Under
FIGURE5.FAMILYOFLIF oUS DNTT.SDETERMINATIONOFT ACKLS GTHS■ Tii©dottedlinev<asobtainedfrocil stsquarescalcula ion.
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working conditions the thickness of the emulsion may
not be constant in time. Its variation y/ith the
relative humidity of the surrounding air has been in¬
vestigated by Martin (1949), In the present work,
day to day variations of up to 5% were observed. In
order to avoid the introduction of errors due to this
variation, the following precaution was taken. The
overall thickness of the emulsion was measured, at a
fixed reference point on the plate, at the beginning
and the end of each session of observation. By
making the reasonable assumption that the variation,
if any, was uniform during a session, the total thick¬
ness of the emulsion was found at the time of measur¬
ing every vertical projection. The relative projec¬
tions were then expressed relative to a "standard"
overall thickness, giving the values of z used in the
range determinations.
The ranges of the °c -particle tracks as estimated
showed no significant variation y/ith steepness. From
2S3
Plate 1 of the ' Th investigation, four samples, each
of a hundred randomly selected <>c-particle tracks,
were considered. The mean range and standard devia¬
tion of each sample is given below.
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Angle of Dip. Mean Range.
0° - 10° 23.44 £ 0.07p
20° - 30° 23.46 £ 0.08p
40° - 50° 23.46 £ 0.08^
~ 60° 23.43 £ O.llp
III.2. Internal Conversion Electron Measurements.
III.2.1. Introduction.
Prom the point of view of nuclear emulsion spectro¬
metry, the most important attribute of the conversion
electron spectrum is its discreteness. Each mono-
energetic group of electrons produces its characteris¬
tic population of tracks, and the total population of
the plate is the superposition of these populations.
In this work the total population is inferred from a
random sample and an attempt is then made to resolve
this into its component populations. Thus the popu¬
lation of tracks produced by a monoenergetic group of
electrons is of fundamental importance.
When a rapidly moving electron passes through
matter it can lose energy in two ways. (1) It trans¬
fers energy directly to an atom of the surrounding
material by exciting or ionising the atom, that is, by
inelastic collisions. (2) The electron is deflected
in the field of on atom and emits radiation
("Bremsst rah lung"). The formula given by Bethe and
Heitler (1934) enables the relative importance of these




dE ) ^ 816,000
d R / coll.
This refers to an electron of energy E keV moving in a
material of atomic number Z. dE is the average energy
loss in moving a distance dR. For electrons of energy
approximately 100 keV, the most energetic electrons
observed in the present investigations, and for silver,
the heaviest atom in the emulsion, this ratio is about
1/160. Therefore, the loss of electron energy is due
principally to inelastic collisions.
The average energy transferred in an inelastic
collision is of the order of 20 eV, and therefore an
r
electron of initial energy 100 keV will suffer about
5,000 such collisions. For such a process, made up
of a large number of small additive contributions,
.
most characteristics of the overall process are dis¬
tributed normally. This average energy loss may
differ considerably from the actual amount of energy
lost in any collision and large single-energy transfers
do occur. The effect of these large energy transfers
is to skew the distribution of the characteristics, but
since a large energy transfer is much less probable
than a small one, the straggling so introduced is not
very large. A larger degree of straggling results
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from the radiation losses, since the probability is
roughly the same for the emission of quanta of all
energies up to very nearly that of the electron.
Therefore, although the total energy transferred is
governed principally by the inelastic collisions, phe¬
nomena which depend upon the rare large single-energy
transfers are governed by "Bremsstrahlung".
The tracks produced by electrons of initial
energy of roughly 20 keV - 350 keV can be described by
their ranges or total grain numbers. The first exper¬
imental investigations of the populations of tracks
produced in nuclear emulsions by monoenergetic groups
of electrons were made by Zajac and Ross (1949). They
measured both the ranges and grain numbers of tracks
produced by electrons of energies 30, 40, 50, 60, 80,
100, 147, 200 and 250 keV. The mean range for each
energy was found to be in good agreement with the
value predicted by collision theory. The mean range
versus energy relation which they derived is shown in
Figure 6. The standard deviation of each range and
grain number distribution is about 20^ of the mean, a
result in agreement with that obtained by Williams
(1930) from measurements of the ranges of 20 keV elec¬
tron tracks in a cloud chamber. Although the number
of tracks (25 - 50) considered at each energy was too
small to allow an exact analysis of the line shape,
E
FIGURE 6. HBftK RAEOB VERSUS EIIERGY FOR ?!OKGBEERGETIC GROUPS OF ELECTRONS.
CAL1BRATIQH OF ZA^ac''"aKD ROSS (194U). The rigure shows the observed mean
range in microns (?!} plotted" against energy in keV (E) and the curves
obtained toy integrating^^- and -^f- . The correct quantity to integrate is
which refers to the mean distance dR gone toy particles all of which lose
energy dE. Xrefers to the mean energy dE lost toy particles all of which
move a distance OR. The numerical difference arises because of the
straggling of the energy losses and the non-linearity of R(E). The
correctly calculated mean range versus energy curve gives a slightly poorer
fit with the observations than does the incorrectly calculated one.
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Za^ac concluded that the determination of energy on
the basis of the grain counts would be as good as that
obtained from the range measurements. The results
obtained by Bayman (1954) are in agreement with this
conclusion.
111,2,2. Experimental Method.
The estimation of the range of an electron track
was made by the same method as that used for
particle ranges. The electron track was broken up
into straight-line segments, the length of each segment
estimated, and the range found by the addition of these
lengths. This method is very laborious especially as
almost all electron tracks consisted of at least ten
segments and some had to be broken up into more than
twenty segments. A more serious obstacle encountered
in range measurements is due to the fact that some
electron tracks are very tortuous at the low energy
end. This made an accurate determination of range
very difficult and sometimes impossible. Obviously,
the errors so introduced will be more serious for the
tracks of electrons at the low energy end of the spec¬
trum than for those of higher energy electrons. The
occasional occurrence of branching in an electron track
does not introduce a serious error. Branching is a
result of the incident electron, during the rare large
ionising collisions, transferring sufficient energy to
42,
an atomic electron to enable the latter to produce a
track of its own. Because of the indistinguishability
of electrons and because the incident electron may
transfer any fraction of its energy to the atomic elec¬
tron it is impossible to say which of the resulting
tracks is due to the primary electron. In such cases,
following the conventional procedure, the longer of the
two tracks was taken to be that of the incident elec¬
tron, Since the contribution to the line width from
the rare collisions, in which branch tracks are pro¬
duced, is very small compared with the straggling
resulting from the radiation losses, it is not worth
taking account of the shorter track. In grain count¬
ing, the grains in both branches were taken into
account, the idea being that the total grain number
should depend on the total ionisation, that is both
primary and secondary, in analogy with proportional
counter methods.
In a well-developed emulsion the individual grains
are well defined except at the low energy end of the
track, where the grains tend to be formed in clumps.
This presented a difficulty similar to that found in
the range measurements, but it was easier to estimate
the number of grains involved in such a clump than to
measure the length of this portion of the track.
This estimation consisted of assessing how many grains
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could be fitted into the clump, the grain size being
taken from the high energy part of the track. In an
attempt to avoia the introduction of systematic errors
due to the possible preference of the observer for
certain numbers, the grain count in each straight-line
segment of the track was noted and the total grain
number found only after the completion of the counting.
All measurements were made from the low energy end of
the track.
One drawback aiiectiug the determination of
energy from grain number measurements is that of cali¬
bration. The ranges of electrons in the emulsion
depend only on the chemical composition of the emul¬
sion (provided the moisture content is controlled
during exposure), whereas the grain numbers depend
upon the processing as well. Earlier investigators
have remarked that this dependence on processing would
necessitate a separate calibration for each piste.
The results obtained in the present work show that,
provided reasonable care was taken in the processing,
the mean grain number for a monoenergetic group of
electrons ie the same for different plates (see Fig¬
ures 7 and 8). However, this constancy is unlikely
to hold for grain counts made by different observers.
Therefore, if grain numbers are to be used in energy
determinations, a calibration must be made for each
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investigation by the observer concerned. For the
232Th investigation the calibration was obtained from
the ranges and grain numbers of 142 electrons (see
Figure 10). In the case of 228^ method of
calibration was somewhat different, and the discussion
of this will be left until Chapter V.
III.3. Smoothing.
In order to obtain accurate estimates of the
most probable values of the ranges and grain numbers
the raw histograms were smoothed. From a considera¬
tion of the histograms it was decided to use, with one
exception, a seven term smoothing formula
Uj, {7U0 + 6(U1 + U-1)+ 3 (U^+U-a) -Z(u3+u_3)}
The exception was the number versus range histogram of
P3P
the Th conversion electrons, to which the Spencer
twenty-one term summation formula was applied. The
results obtained were satisfactory.
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Chapter IV.
RESULTS FROM THE INVESTIGATION
OF THE -DISINTEGRATION OF SgSTh.
The results to be reported here were obtained
from two pistes which had been impregnated at different
times, with different solutions. Plate 1, after ob¬
servations had been made on 1,500 events, was found
to be partially desensitized and this resulted in a
serious deficiency of conversion electron tracks.
Plate 2 yielded satisfactory numbers of conversion
electron tracks. Because of this, the following in¬
terpretation is based on the data obtained from Plate
2, although the results from Plate 1, with the excep¬
tion of the conversion electron intensity, are shown
to be consistent with the conclusions reached. The
main reason for the inclusion of the results obtained
from Plate 1 is to show the close agreement between the
electron track grain number distributions in the two
plates.
IV.1. Experimental Results.
Measurements were made on the tracks of aL-
particles and conversion electrons in events which
showed a single *C-particle track with a range not
greater than about 27^ .
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Plate 1.
In this plate 1,500 such events were considered,
of which 249 showed a conversion electron track. Prom
the frequency distribution of the *c-particle ranges,
the presence of three groups was observed (see Figure
11). These groups, with mean ranges of 15.3 [-». ,
18,6 |jl and 23,2 jj. , were attributed to the *6 -
disintegration of 232Th, 230Th and S28Th respectively.
The resolution of these groups is not complete.
Since it was necessary, for the purposes of this
investigation, to make a reasonably accurate estimate
of the number of events associated with the disintegra¬
tion of 2S2Th, some method of separating such events
from those of 2^Th had to be found. The method
adopted involved the use of results obtained by Jarvis
and Ross (1951) from an emulsion study of the disinte-
P
gration of uwTh, and will be described in some detail
when the results from Plate 2 are discussed. On the
basis of this method, 1,200 &C -particle tracks, of
which 200 showed a conversion electron track, were
considered as having been produced in the disintegra-
030
tion of Th. The resulting conversion electron in¬
tensity of 17% is much lower than the values given by
Albouy (20%) and by Dunlavey (24 t 3%).
Because of this discrepancy, a check was made on
the number of conversion electrons associated with the
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228-pk -particles. From Figure 11 140 ©^-particle
tracks were attributed to this disintegration, and of
these only 25 had an associated, electron track. Com¬
parison of this with the expected number of 36 indica¬
ted that the emulsion had not recorded all the conver¬
sion electrons which had been emitted. Various other
plates were impregnated with freshly prepared active
solutions and different development times were used,
but the electron intensity found was still too low.
Finally, the activity of the impregnating solution was
reduced by a factor of 100 and the observed electron
intensity increased to the expected value (Plate 2).
This suggested that the desensitization of the emulsion
may have been due to a chemical action of the thorium
salt on the gelatin.
Although the desensitization resulted in a low
intensity of conversion electron tracks, it did not
seriously affect the grain numbers of the tracks which
were formed. The grain number distribution is shown
in Figure 7 and the most probable grain numbers of the
two groups are consistent with the respective values
found from the distribution in Plate 2.
Plate 2.
Because of the very low activity of the impregna¬
ting solution only 1,000 events were considered in
this plate. 240 of these events showed an associated
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conversion electron track. As before, the groups
resulting from the disintegrations of 232Th, 23®Th
npg
and ' ' Th were observed in the -particle range dis¬
tribution (see Figure 12a).
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From a study of the Th disintegration, Jarvie
and Ross found a conversion electron Intensity of 24$.
They also obtained the frequency distribution for 4,687
oC —particle ranges, with a mean range of 18.63 i O.Olp.
The maximum height of the distribution was just less
than 13$ of the total number of events considered.
The maximum height of this group, as observed in
the present plate, is 12 and, therefore, the number
of events in the group was estimated as 100. As in
Plate 1, it was considered that about 140 eC -particle
OOQ
tracks were associated with the Th disintegration
and, therefore, 760 events were interpreted as belong-
232
ing to Th. Since the number of conversion elec¬
trons associated with the 228Th -particles gave an
intensity consistent with the accepted value of 27$, it
was assumed that 24 of the observed conversion elec-
P30
trans would belong to Th and, therefore, 180 were
assigned to 232Th. This led to an electron intensity
of 24 t 3$ for the 252Th disintegration.
One further point must be considered. In order
to obtain the range and grain number distribution for
the electrons emitted following the disintegration of
49.
sssTh, it was necessary to identify such events with
certainty. This identification could not be made
from a consideration of the electron tracks themselves,
since the energies of the So2Th electrons and those of
2S0rj»h are too close together to permit resolution.
The identification, therefore, had to be performed on
the basis of the associated oC-particle ranges. The
results of Jarvis and Ross indicate that, of the 824
©4-particle tracks with associated electrons con¬
sidered, 5% had ranges less than 17jj- . This percent¬
age, when related to the number of such events observed
in Plate 2, led to the conclusion that only 1 or 2
ogn
Th events should have ranges less than 17 p. . The
distribution shown in Figure 12b is consistent with
this conclusion.
IV.2. The Conversion Slectron Spectrum.
Figure 9 shows a histogram and smoothed curve of
the ranges of 142 conversion electrons associated with
the oC-particles emitted in the So%h disintegration.
The smoothed curve indicates the existence of two grottos
with mean ranges of 11.4 j* and 17.5 jj. . From the
mean range versus energy relation of Zajac and Ross
(1949) shown in Figure 6, the energies associated with
these ranges were estimated as 42.0 keV and 54.5 keV
respectively. The groups were therefore interpreted
figure7.pk^ ercy(h)verbuoqraihkuti rofcuiiv^oiu:'el ctrons emittedfollowingth232rchdisintegration(pla1).
FIGURE8.FFE'^UE Cy(NjVlRb SG AIHRUMB R)OFCOt-VERsIOELECTRONS EMITTEDFQXiLOVVIIIGTH232ThDIEIITTSGRA IOIT(FLA S2).
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as representing electrons emitted from the L- and
M + N-shells of radium. The smooth curve was resolved
into its component groups by the following method. It
was assumed that the low energy side of the main peak
was not seriously affected by the higher energy group.
On this assumption various parameters were calculated
for the lower energy line. The half-widths at half*
quarter and three-quarters of the maximum height were
estimated as 18$, 28$ and 11$ of the mean range res¬
pectively. Prom these percentages, the three half-
widths for a mean range of 17.5jji. were calculated.
The results given by Jarvis and Ross (1951) and later
those obtained by Rosenblura, Valadares and Guillot
(1952; 1954) from a study of 228Tb indicate that the
ratio of L-conversion electrons to M + N-conversion
electrons is about 3:1. Using the calculated half
widths and this ratio, the low energy side of the
higher energy line was plotted, as shown by the broken
line. This resolution led to mean ranges, with
standard errors, for the two groups of 11.25 1 0.25 jj«-
and 17,5 £ 0.4 p. . The standard deviations of the
distributions about their means were calculated as 23$
and 14$ of the mean ranges respectively.
From the relation of Zajac and Ross, the respec¬
tive energies were estimated as 42.0 i 0,5 keV and
54.5 t. 0.7 keV. These electrons were assumed to have
51.
been emitted in an E2 transition from the first excited
level of Ra. The internal conversion coefficients
2£
for the Lj, Lj-j- and Ljjj sub-shells were calculated
for E2 radiation of 60 keV as 2, 51 and 40 respectively.
Prom these values it follows that the L-group was due
mainly to conversion in the Ljj and LjTj sub-shells,
which have term values of 18.48 keV and 15.44 keV
(Cauchois, 1952). The M + N-group probably arose
mainly from conversion in the Mj, Mjj and Mjjj sub-
shells, which hsve term values between 4.8 keV and 5.8
keV. Therefore, for the purposes of this investiga¬
tion, the effective binding energies of electrons in
the L- and M-ehells were taken as 17.0 keV and 4.5 keV
respectively. The energy of the transition was then
given by 42.0 + 17.0 = 59 keV from the L-conversion
group and 54.5 + 4.5 = 58.8 keV from the M-conversion
group. Its value was therefore taken as 59 1 1 keV.
The grain number distribution of 175 conversion
electrons (see Figure 8), like the range distribution,
shows the existence of two groups. The peak grain
numbers of these groups are 17|- and 25. Proceeding
in the same way as before, this distribution was re-
solved into its component parts. The half-widths of
34 Calculations based on the tables of conversion
coefficients given by Rose, Goertzel and Swift
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the main peak were estimated as 18$, 30$ and 12$, in
good agreement with the corresponding values from the
range distribution. The most probable grain numbers
of the resolved groups were taken as 17 and 25. The
respective standard deviations of these groups were
estimated as 20$ and 13$, Prom the grain number
versus range calibration (see Figure 10) the ranges
associated with the two groups were found to be 11.3 p.
and 17.8|a respectively, which are consistent with the
values previously determined. The grain number dis¬
tribution obtained from Plate 1 is shown in Figure 7.
The peak grain numbers are 18 and 24 and the half-
widths calculated from the low energy side of the main
peak are 18$, 30$ and 12$. The most probable grain
numbers of the resolved groups were estimated as 17 and
24^-, in good agreement with the values obtained from
Plate 1. The standard deviations of the component
distributions were calculated to be 17$ and 15$ res¬
pectively.
These results indicate that, provided the grain
numbers are properly calibrated, the energies deduced
from the range and grain number measurements are con¬
sistent. They also show that the grain number versus
range calibration constructed from the observations
made on one plate can be applied successfully to those
made on another plate.
FIGURE10.GRAINN !BE( )ViRGUGRA GBI IHiC QKo( ) FORELECTRQRTRACKS-CA IBRATION(PLA E2).
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As both Albouy and Dunlavey pointed out, the
intensity of the conversion electrons represents a low¬
er limit of the intensity of the -particle feed to
the excited level. No direct measurements have been
made on the -particle feeds but by using the internal
conversion coefficients it was possible to estimate
the intensity of the ^-radiation. The ratio of the
L-convereion electrons to the M + N-conversion elec¬
trons was 3:1 and, therefore, the intensity of the L-
conversion electrons was approximately 18% of the -
emission. Using the total conversion coefficient for
the L-shell of 95 led to a ^-ray intensity of 0.2%.
No electron tracks were observed which could have
been attributed to the de-excitation of a higher ex¬
cited level in "^®Ra.
IV. 5. The Auger Electrons.
Vacancies are produced in the electron shells by
the emission of conversion electrons during the de-
excitation of the nucleus. When such a vacancy is
filled by an electron from a higher shell the excess
energy is carried away either by X-radiation or by an
Auger electron. In the present case vacancies were
228
produced in the L- and M-shells of Re. The mean
energy of the L X-radiation is about 14 keV and, there¬
fore, the energy of an Auger electron from the M-shell
54.
would be about 9 keV. This would give rise to an
electron track with a range of 1 |U • Such a track,
consisting of 1 or 2 grains, would very easily be
missed or attributed to background grains and it
could be misinterpreted as the initial grain of the
longer conversion electron track which must always be
present. Longer tracks of Auger electrons from the
outer shells, or from more energetic L X-radiation,
would have a maximum range of about 2 and consist of
up to 4 grains, but the identification would still be
difficult. The Auger electrons which result from the
filling of vacancies in the M-shell need not be con¬
sidered due to their very low energies.
It has been calculated, on the basis of results
obtained in this laboratory from a study of 2S3U, that
only XO^u of the Auger electrons are visible, as such,
in the emulsion. Prom the 180 conversion electron
tracks observed in Plate 2, 7 showed associated tracks
which were interpreted as being due to an Auger
electron. The number of vacancies produced in the L-
shell was estimated as 135 and, by assuming that the
intensities of the X-radiation and the Auger electrons
were in the ratio of (estimated from the Table of
0.6
Fluorescent Yields given by Burhop, 1952), it was ex¬
pected that about 80 Auger electrons should have been
emitted. The observed number results in a visibility
55.
factor of 9%, in good agreement with the value pre¬
viously calculated.
IV.4. The -radiation.
The ®6-particle range distributions are shown in
Figures 11, 12a, b, c. The half-widths at half-
maximum of the main peaks were 0.6 jji . From the dis¬
tributions obtained from Plate 2 the mean ranges, with
232
standard errors, of the lines in the J"Th eC -particle
spectrum were estimated.
For all oC-particles the mean range was found to
be 15.30 1 0.02 jj. . The oC -particles were then
separated into two groups, those with associated con¬
version electrons, and those without conversion elec¬
trons. The mean ranges of these groups were 15.07
t 0.05 |u- and 15.38 £ 0.04 p respectively. In order
to determine whether or not these values could have
been obtained by random selection from a single popu¬
lation of aC -particle tracks, a Student's Mt-test" was
applied to the differences. For the difference of
0.23 p. between the mean ranges of all -particles
and that of those with associated conversion electrons,
the value of t was 3.94. Since, with a value of t =
2.58, the probability of obtaining such a difference
by chance was 1 in 100, this difference was taken as
highly significant and the mean ranges of 15.30 £ 0.02|i
f
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and 15.07 + 0.05j-i were considered to represent two
^-populations. The difference of 0.08 jj. led to a
t-value of 1.82 which represented a chance probability
of about 1 in 20. When the difference of 0. 31 |u was
considered the value of t was found to be 4.40.
The mean ranges of the -particles feeding the
ground state and the first excited level of 228Ra v/ere
therefore taken as 15.38 i 0.04 jljl and 15.07 - 0.05^.
respectively. The difference of 0.31 t 0.06|u corres¬
ponded to a difference of 60 t, 12 keV between the
kinetic energies of the ^-particles. This energy
difference is consistent with the nuclear energy diff¬
erence deduced from the conversion electron spectrum
and its interpretation in terms of conversion in the
L- and M-shells of 228Ra.
The oC-particle tracks observed in Plate 1 were
not separated into component groups because of the loss
of sensitivity in the emulsion. Some ^-particles
which were not associated with a conversion electron
track did, in fact, feed the first excited level of
228Ra, and their inclusion in the <*c-line leading to
the ground state would have introduced errors in the
determination of the energy difference. However, the
mean range of all the 232Th ^-particles found in this
plate was calculated as 15.33 1 0.02 p. and is consis¬
tent with that obtained from Plate 2.
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The energy difference of 60 - 12 keV, quoted
above, wee estimated from the mean range versus energy
calibration of Rotblat (1950). Since this calibra¬
tion was derived from measurements made on <*c-particle
tracks in emulsions which had a different stopping
power from those used in the present work, no attempt
was made to estimate the absolute energies of the two




The results obtained from this investigation lead
to the conclusion that the first excited level of 228Ra
lies at 59 £ 1 keV above the ground state and is ex¬
cited in 24 t 5% of the ^-disintegrations of 2S2Th.
This energy is consistent with the trend exhibited by
the energies of the first excited levels in the even
mass number isotopes of radium (see Figure 13).
FIGURE 13. ENERGY IN fceV OF THE FU ST EXCITED LEVEL (E)
AGAINST .MASS NLT BSR (A).
Plotted for the even mass number isotopes of radium.
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Chapter V.
RESULTS FROM THE INVESTIGATION OF THE
^—DISINTEGRATION OP 228Th (RADIOTHORIUM)«
V.l. Experimental Results,
Plate 1.
In the initial examination of this plate, meas¬
urements were made on the tracks of -particles and
conversion electrons in 1,500 events which showed a
single o6-particle track. Prom a consideration of
the ^-particle ranges, all these events were attribu¬
ted to the disintegration of s28Th. The conversion
electron spectrum showed, as well as the electrons
which had been emitted in the de-excitation of the
first excited level of 2s%ia, some electrons which
were interpreted as having been emitted in the de-
excitation of higher levels, A further 2,000 events
were considered but measurements were made only on
those in which a conversion electron was exhibited.
Finally, another 2,000 events were observed, a count
kept of the number of all conversion electron tracks
and measurements were made on those in which the <*c-
particle was associated with an electron emitted in
the de-excitation of a higher excited level. The
advantage of this method of working is that, once the
active content of the emulsion has been established,
59.
the number of low intensity events observed can be
increased with an economy of effort.
One group of electrons found in this plate was
suspect on the grounds of the observed intensity.
This group consists of ten electrons with grain num¬
bers between 72 and 84^ but of these three were doubt¬
ful in so far as the origins of the electron tracks
were not certain. On the basis of the level scheme
suggested by Asaro, Stephens ©nd Parlman (see Figure
3), these electrons could be interpreted only as
having been emitted from the K-shell in a transition
between the 217 keV level and the ground state. The
intensity of these electrons, 0.13 £ 0.05$ of the
ppg
Th oC-emission, is, however, too high to agree with
El radiation from the 217 keV level. If these elec¬
trons did occur in this transition, then it is to be
expected that the mean range of the associated
particles would be lower than that of the ^-particles
feeding the ground state, due to the difference in
available energy. While it is not to be expected
that the difference in the mean ranges, as observed
in this experiment, would give an exact quantitative
.
agreement with the predicted energy difference, it is
reasonable to suppose that it would show qualitative
agreement. In the present case, however, the ranges
of the ^-particles, interpreted as feeding the 217
60.
keV level, lay between 23.00^- ana 25.00j-»- , with a
mean of 23.74|-»- . This mean range is about 0.2 ^
higher than that calculated for the ©c -particles feed¬
ing the ground state and therefore provided another
reason for doubting the above interpretation. It
seerae probable that these electrons resulted from a
contamination present in the impregnating solution.
Since no ©£ -particle groups were observed which
had ranges significantly different from that found
ppQ
for the Th <t£ -particles, the most likely contamina-
PP4
tion is Ra, of which the principal oC -group has a
mean range in emulsion of about 25 ^ . The disinte-
PP4
gration of Ra leaves the daughter nuclei in an ex¬
cited state with an intensity of 4.6^ of the total
©<:-emission. This excited level, 241 keV above the
ground state, is de-excited mainly by the emission of
conversion electrons. The expected mean range of
the cX-particles feeding this level is about 23.5
which is reasonably close to the observed mean range
of 23.74 |J- . It is therefore possible that the con¬
version electrons, interpreted as having followed the
disintegration of 228Th, may hsve followed the disin¬
tegration of 224"Ra.
A difficulty, which arises from this explanation,
is that it appears to be unlikely that oL -particles
from the disintegration of 22^Ra would be observed as
61.
single tracks. Even if the impregnating solution had
OOA
contained an appreciable amount of ^I?a, the ^ -
disintegration would be followed almost immediately by
the -disintegrations of SSOEm (Tn) and S16Po (ThA)
and, after a short hold-up at sl8Pb, by successive and
rapid transformations leading to s08Pb (see Figure 1).
Thus, an ^-particle emitted in the disintegration of
S24Ra was expected to form part of a "star" consisting
of three and probably four ^-particle tracks. There
is, however, one way in which a 2S4Ra ^-particle
could appear as a single track. The immediate disin¬
tegration product of 224Rb is the 2S0Bm which is able
to diffuse freely through the emulsion. Since the
PPO
half-life of Em is short, 54.5 seconds, the magni¬
tude of this diffusion, under normal conditions of
exposure, is very small and has a most probable value
of 2 - 3 microns. When the emulsion is "wet" it is
possible that the magnitude of the diffusion could be
very much larger and, therefore, provided the disinte-
224
gration of Ra occurred in such conditions, the
emitted o^-particlee might be observed as single
tracks. If this explanation is correct, it is sur¬
prising that the mean range of the ^-particle tracks
should show such good agreement with that expected for
tracks formed under strictly controlled conditions.
This hypothesis, however, gained some support from the
62.
fact that the intensity of "stars" consisting of four
^-particle tracks was higher than would be expected
pOQ
in a plate impregnated with pure ^°Th solution.
On the basis of a conversion electron intensity
.
of 4.6$, it was necessary to attribute about 150, of
the 5,500 -particles considered, to the disintegra¬
tion of 2S4Ra,
A second impregnation was performed with a solu¬
tion of i/28Th freshly purified as described in
Chapter II. The results obtained from the examina¬
tion of one of the plates so impregnated (Plate 2)
differed from those obtained from Plate 1 only in so
far as the doubtful group of electrons appeared with a
greatly reduced intensity. This suggested that,
whether or not the explanation given above is correct,
this group, as observed in Plate 1, did not belong to
the disintegration of 228Th.
Plate 2.
Measurements were made on the first 500 single
-particle tracks observed and all were attributed
to the disintegration of 228Th. The grain numbers of
the associated conversion electrons showed no signifi¬
cant difference from those obtained from Plate 1 (see
Figures 14 and 15). A further 4,000 events were
*
considered and measurements were made only on those in
which the -particle was associated with a conversion
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electron which had been emitted in the de-excitation
of a higher excited level, although, as before, a
count was kept of the number of all conversion elec¬
trons.
The groups of conversion electrons found in
Plates 1 and 2 are shown in Table 3.
V.2. Electron grain number versus energy calibration.
Figure 14 shows a histogram and smoothed curve
of the grain numbers of 913 conversion electrons
associated with the disintegration of 228Th and inter¬
preted as having been emitted in the de-excitation of
the 84 keV level of 224Ra. This distribution indi¬
cates the existence of two groups with peak grain
numbers of 36 and 47. The distribution was resolved
into its component groups, by the same method as des¬
cribed in Chapter IV. The half-widths at half, quar¬
ter and three quarters of the peak were calculated
from the low energy side of the main group as 18^,
25% and 11% of the peak grain number respectively.
With these percentages and the ratio of the intensity
of conversion in the L-shell to that of conversion in
the M- and higher shells (Rosenblum, Valadares and
Guillot 1952; 1954) the most probable grain number of
the component groups were found to be 35? and 47|-.







Group 1 35i» 47i 2650 27 i 1%
Group 2 13 4(2) 0.04 i 0.02%
Group 3 70 1 -
Group 4 30 or 48 1(1) <*•
Group 5 8 8(3) 0.08 1 0.03%
Group 6 24 4(1) 0.04 t 0.02%
The number of doubtful events in each group is shown
in brackets. These events are not taken into con¬
sideration in the calculation of the intensities.
The electrons in groups 2 and 4> and one electron in
group 5 are associated with a second electron which
was interpreted as having been emitted in the de-
excitation of the 84 keV level.
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were calculated as 13$ of the peak grain numbers.
Accurate values have been given, by the above
authors (1954), for the energies of the various groups
of conversion electrons emitted in the de-excitation
of the 84 keV level of ss~Ea. Prom the quoted ener¬
gies and relative intensities of these groups, the
energies expected for the L- and M + higher shells, as
i
unresolved groups, were estimated to be 67,5 keV and
81.0 keV respectively. By assigning the grain num¬
bers of 35|- and 47|- to these energies, two points were
obtained for the grain number versus energy calibra¬
tion. A third point was obtained by using the mean
grain number of the electrons in group 5. This group
contained eight electrons with a mean grain number of
8; the mean range of these electrons is 3.65 ± 0.05p-.
Prom the mean range versus energy relation of Zajac
and Ross (Figure 6) the associated energy was estima¬
ted as 20.0 £ 0.2 keV. With this energy and the
mean grain number of 8, the third point was obtained
for the grain number versus energy calibration (see
Figure 16).
Before the experimental results are interpreted,
the level scheme suggested by Asaro, Stephens and
Perlman will be discussed.
FIGURE 16. GRAlK KUKBBR (Q) VJRuLri ^HERflY IK keV (JS)
FOR ELECTRON TRACKS - Q\LIBRATIOH*
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V.3. Discussion of the level scheme shown in Figure 3.
The scheme suggested by Asaro, Stephens and
Perlman shows levels with spins and parities of 0 +,
2 1 - and 4 + . The even parity levels are in
agreement with the predictions of the Bohr-Mottelson
collective excitation theory (1953).
This theory predicts levels of a rotational char¬
acter in the even-even nuclei, which are far removed
from the closed shells, with energies S, spins X and
eveh parity given by
+ 1)
where I = 0, 2, 4 .... and J is the effective moment
of inertia. These levels have the quantum number K
equal to zero, where K is the component of I along
the intrinsic symmetry axis.
The first excited level of is known to have
spin 2 and even parity, so that if the above rule is
followed exactly it is to be expected that the 4 +
level would have an energy of 282 keV. In fact,
deviations from this simple rule occur as the closed
shell, of 82 protons and 126 neutrons, is approached,
in such a way as to depress the higher energy levels
proportionately more than the lower ones,
narrow range of A andZ
In a oonfined region, a low-lying excited level
appears, which is not a member of this rotational
sequence. This level apparently has a spectroscopic
66.
designation of 1 - and was first recognised in the
S28'fh disintegration. There are now six cases, S22Ra,
224Ra, 226Ra, 226Th, 228Th and 258Pu in which this
level has been found, lying either between the 4 + and
2 + levels or just above the 4 + level. The type of
configuration for an odd-parity level, at an energy of
a few hundred keV above the ground state, has not yet
been decided. However, a suggestion has been made
that such a state may have the same intrinsic struc¬
ture as the ground state and represent a collective
distortion in which the nucleus is pear-shaped. If
this were the case, then the 1 - state would have the
quantum number K = 0, a supposition which can be
checked by comparing the K-transition probabilities
to the 0 + and 2 + levels.
By following the treatment of Alaga, Alder, Bohr
and Mottelson (1955), it is possible to calculate the
theoretical ratio of the reduced transition probabil¬
ity for the }(-radiation between the 1 - and 0 +
levels to that for the V-radiation between the 1 -
and 2 + levels. This ratio can take the value of
0.5 or 2.0 depending on whether the 1 - level is a
K = 0 or K s 1 state. Stephens, Asaro and Perlman
(1955) obtained an experimental value for this ratio
by removing the expected third-power Weisskopf energy
dependence from the observed V-ray intensities. For
67.
the above mentioned isotopes, the values varied from
0.36 1 0.15 (224Ra) to 0.60 t 0.15 (238Pu) and these
workers therefore concluded that the 1 - levels are
K ss 0 states.
One other point is worth mentioning at this
ppQ
stage. In Th, which results from the ft -
SP8
disintegration of Ac, there exists a 3-level at
395 keV above the ground state (Nielson ). This
level is separated by 67 keV from the 1 - level and,
since the energy spacing between the 0 + and 2 + states
is 58 keV, its existence suggests that a second rota¬
tional sequence is appearing. With this interpreta¬
tion, the 3-level would be a K » 0 state.
V.4. Interpretation of the Experimental Results.
The conversion coefficients used in the following
considerations were calculated from data given by
Rose, Goertzel and Swift (private communication).
V.4.1. Group 1.
As stated above, this group of conversion elec¬
trons was interpreted as having been emitted in the
de-excitation of the 84 keV level of 22^Ra. These
electrons were emitted with an intensity of 27 i 1% of
the 228Th ^-emission. The results obtained by
3£ A paper presented at a conference of the Physical
Society in December, 1956.
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Rosenblum, Valadares and Guillot (1952; 1954) indicate
that 74% of these conversion electrons were emitted
from the L-shell and the remainder from the higher
electron shells. This leads to an intensity of 20
t. 1% for the L-conversion electrons. The L-shell con¬
version coefficient for E2 radiation of 84 keV was
estimated as 19, leading to a Y-ray intensity of
1.05 t 0.05%. The sum of the electron and Y-ray in¬
tensities gives an intensity of excitation of the 84
keV level in good agreement with that of 28% found
from the oC-particle spectrum.
This Y-ray intensity is lower than the values
given by Asaro (1.6%) and by Stephens (1.7%). There
are two possible explanations of this discrepancy
(i) Asaro and Stephens, as well as detecting the Y -
radiation from the 84 keV level, also detected the K
X-radiation of radium, which has an energy of about
86 keV, (ii) the conversion coefficient, used in the
present consideration, is too high. The first of
these explanations is ruled out by the fact that Newton
and Rose (1954) placed an upper limit, of 5% of the
84 keV radiation, on the intensity of the K X-radiation
emitted following the disintegration of ^s®Th. The
second explanation is not ruled out so easily since it
is possible that the estimated conversion coefficient
of 19 is too high. In order to obtain a Y-ray
69.
intensity of 1.6$ or 1*7%, it is necessary to postulate
a conversion coefficient of about 12, which is consis¬
tent with the values suggested by previous workers.
One point should be noted at this stage. Some
of the electrons of this group will have been associa¬
ted with the de-excitations of the higher excited
levels in !2^Ra. These levels are de-excited by the
emission of Y-rays and conversion electrons and some
of the transitions lead to the 84 keV level which, in
turn, is de-excited mainly by the emission of conver¬
sion electrons. In the cases in which the first
transition occurred by means of conversion electrons,
the existence of two electron tracks associated with
one c-t-particle track indicated the existence of the
cascade process. If, however, the initial transition
occurred by Y-radiation, only one electron track
would have been produced and such events would be
interpreted as belonging to the ^-disintegration to
the 84 keV level. Using the values given by Asaro,
Stephens and Perlman for the intensities of the X -
ray feeds to the 84 keV level, it was estimated that
approximately 35 electrons from this group should be
attributed to the de-excitations of the higher energy
levels. The intensity of the conversion electrons
associated with ^.-particles feeding the first excited
level is reduced but not by an amount sufficient to
70.
alter the value of 27 i 1% given above.
Mean Range of the associated e>£-particles.
Figure 17a shows the frequency distribution of
the ranges of 1,500 o<t-particles. Of these, 42 were
attributed to the disintegration of 22-Ra and, thus,
ops
1,458 were considered to have been emitted from Th.
This ©^-particle group consists effectively of two
unresolved sub-groups, one feeding the ground state of
224Ra and the other feeding the first excited level.
The mean range, with standard error, of the 1,458 oC-
particles is 23.43 £ 0.02 and represents the mean
range in G5 emulsions of the two groups of ^-particles
of energies 5.421 MeV and 5.338 MeV. It is known,
however, that the oC-particles associated 'with the
conversion electron, which had been emitted in the de-
excitation of the 84 keV level of 224Ra, must belong
to the lower energy group. The mean range of 927
such o<C-particles is 23.12 £ 0.02|u- (Figure 17b). In
order to determine whether or not the difference be¬
tween these mean ranges, 0.31 £ 0.03 jx , could have
resulted from purely random sampling, a Studentfs at¬
test" was applied. The value of t was calculated to
be 10.13 and, since t » 2.58 indicates a probability
of obtaining such a difference by chance of 1 in 100,
the two means can be taken as significantly different
and to represent two oC-populations. The value of
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23,12 t 0,02 is, therefore, considered to be the
mean range of -particles of energy 5,338 MeV.
In order to examine if the range of the o^-
particles emitted in the normal disintegration to the
ground state of 224Ra is significantly greater than
the mean range of all *4-particles, an estimate was
made of the mean range of 1,064 e4-particles which were
not associated with electrons. The mean range,
with standard error, of these tracks was found to be
23.55 t, 0,03ju.. The calculated t-value of 3,53 indi¬
cates that the difference between the means of 0,12
£ 0,04 |u- is significant and the mean G5 emulsion range
of energy 5.421 MeV is therefore taken as 23.55 £ 0.03|^.
The difference of 0.43 t 0.04 ^ between the mean
ranges of the oC -particles feeding the ground state and
224
first excited level of Ra represents a difference of
90 £ 8 keV between the kinetic energies of the two oC-
particle groups. This energy is consistent with the
energy of 84 keV attributed to the first excited level.
The above consideration is limited to the c*c-
particle ranges measured in Plate 1. The mean range
of 500 -particles, observed in Plate 2, is 23,41
£ 0.03 v/hich agreed with the corresponding value ob¬
tained from Plate 1.
V.4.2. Group 2,
The electrons of this group, with a mean grain
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number of 13 and a standard deviation of + 1 grain, are
associated with an energy of 30 t 2 keVj the energy
was estimated from the calibration curve shown in
Figure 16. These electrons were interpreted as having
been emitted in the de-excitation of a higher excited
level since in each case a second electron track was
observed. The grain numbers of these longer tracks
were consistent with that expected for L-conversion
electrons emitted in the 84 keV transition and indica¬
ted that a cascade process, involving the first excited
level, had occurred. The binding energies of elec¬
trons in the K-, L- and M-shells of radium are 104.5
keV, 19.2 - 15.4 keV and 4.8 - 3.10 keV respectively
(Cauchois 1952). The conversion electrons could there¬
fore have been emitted in a transition of approximately
134 keV, 47 keV or 34 keV. On the basis of the level
scheme shown in Figure 3, two alternative interpreta¬
tions are posslblej the electrons could have been
emitted from the K-shell in a transition of 134 keV
occurring between the second and first excited levels,
or from the M-shell in a transition of 34 keV, which
may have occurred between the third and second excited
levels, and been followed by a Y-ray transition to
the first excited level. The following fact favours
the former interpretation. If the electrons had been
emitted from the M-shell, then it is to be expected
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that some electrons would have been emitted from the
L-shell. No tracks, associated with a second electron
track and which could be so interpreted, were observed.
The intensity of this electron group is 0.04
1 0.02-. The intensity of the Y-rays emitted in the
137 keV transition was given by Asaro as 0,26% and,
therefore, to reconcile the electron intensity to this,
requires that the conversion coefficient is <1.
This excludes the possibility of the radiation being
magnetic, but the K-conversion coefficients for El and
E2 radiation both satisfy the condition. The estima¬




If the transition were E2 then, from the values of the
K- and L-converslon coefficients, it is to be expected
that about twelve tracks of electrons emitted from the
L-shell should have been observed. While it is poss¬
ible that some of these tracks could have been missed,
their complete absence indicates that the radiation is
most probably El. This is consistent with the multi-
polarity assigned to the radiation by Asaro, Stephens
and Perlman. With the conversion coefficient of 0.2,









The mean range of the associated o^-particles is
22.6 1 0.2 jo. , which is lower than the mean range of
the -particles feeding the ground state by 1,0 t 0.2p
Although this value cannot be considered significant,
it does permit an estimate to be made regarding the
difference in the kinetic energies of the two ex¬
pert icle groups. The difference was estimated as
170 t 30 keV.
T.t is therefore concluded that the electrons in
this group were emitted in an SI transition between
the second and first excited levels of <j24Ra.
V.4.3. Group 3.
Since the electrons, with grain numbers between
72 and 84, found in Plate 1 were probably emitted
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following the disintegration of Ra, only the elec¬
trons observed in Plate 2 will be considered in this
discussion. The grain number of this track was esti¬
mated to be 70 with a standard deviation of 8 grains
and, while it is not possible to assign an accurate
energy value to this event, the associated energy prob¬
ably lies in the region between 105 keV and 125 keV.
Since the event in which this electron occurred showed
no evidence of a cascade process, it was assumed that
the transition led directly to the ground state of
224Ra. The most likely interpretation is that the
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electron had been emitted from the K-shell in the
transition between the second excited level and the
ground state. The binding energy of electrons in the
K-ehell is 104.5 keV and this leads to a nuclear energy
difference of between 210 keV and 230 keV, which is
consistent with the level scheme shown in Figure 1.
The oc- angular correlation measurements (Stephens)
indicate that the radiation is El but, since only one
event has been observed in the present investigation,
no attempt was made to estimate the intensity of the
y-radiation. For the same reason, no reliance can be
placed upon the range of the associated ^-particle.
V.4.4. Group 4.
The only event observed, which fell into this
group, consisted of two electron tracks associated with
the one oL -particle track and indicated a cascade pro¬
cess. The grain numbers of the electron tracks were
estimated as 30 and 48 and the most likely interpreta¬
tion is that they were emitted in the de-excitation of
the third excited level. It is not possible to say
definitely which electron belonged to the 84 keV trans¬
ition, since a grain number of 30 is consistent with
that expected for an electron emitted from the L-shell
and that of 48 is consistent with that expected for an
electron emitted from a higher shell (see Figure 14).
On the first assumption the 48 grain electron,
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with an estimated energy in the region between 75 keV
and 95 keV, could be interpreted as having been emitted
from the K-ehell in a transition of 180 keV to 200 keV
whereas, on the second assumption, the 30 grain elec¬
tron, with an estimated energy between 50 keV and 65
keV, could be interpreted as having been emitted from
the E-shell in a transition of 155 keV to 170 keV.
Since the energy estimated from the grain number of a
single electron track cannot be considered accurate,
it is not possible to decide which interpretation is
correct but both are consistent with the view that the
electrons were emitted in the de-excitation of the
third excited level.
No attempt was made to assign a polsrity to the
initial transition in the cascade process. If, as has
been suggested by Asaro, Stephens and Perlman, the
169 keV radiation is E2, then the ratio of the K-
conversion coefficient to the L-conversion coefficient
(approximately Is3) indicates that a few L-conversion
electrons should have been emitted. No events, which
could be so interpreted, were observed. This, by
itself, cannot be taken as conclusive evidence that the
radiation is not E2, since the tracks produced by such
electrons, with initial energies of about 150 keV,
would have low grain densities at the high energy end
and, if unfavourably presented in the field of view,
could have been missed. If, on the other hand, the
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radiation were El, no L-conversion electrons would be
expected. No significance was attached to the range
of the associated <^~particle.
So far, the results obtained from this investi¬
gation may be considered consistent with the de-excita-
tion scheme shown in Figure 5,
V.4.5. Groups 5 and 6.
The electrons in these groups were interpreted as
having been emitted in the same transition, giving a
total intensity of 0.12 i 0.04$. Group 5 consists of
eight electrons with a mean grain number of 8 t 1 and
has en associated energy of 20 i 2 keV. Group 6 con¬
tains four electrons with a mean grain number of 14 t 1
and an associated energy of 52 1 2 keV. It is poss¬
ible that these electrons represent only one group,
with grain numbers between 6 and 16, but the absence of
grain numbers 10 to 12 makes this improbable. If this
were the case, the estimated energy associated with the
group would be 24 i 5 keV. The electrons could have
been emitted from the K-shell in a transition of 128
i. 5 keV which had occurred between the second and first
excited levels. However, Newton end Rose (1964) set
an upper limit on the K X-radiation of 0.08$ of the
total oC-emission. The intensity of vacancies, pro¬
duced in the K-shell by the electrons of groups 2-4,
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is about 0.06% ami, since the fluorescent yields from
the K-shells of the heavy elements are very high, it
is most unlikely that the electrons at present under
consideration were emitted from this shell. If the
electrons in this composite group had been emitted from
the L-shell in a transition of 41 i 5 keV some M-
conversion electrons should have been observed but if
they had been emitted from the M-shell in a transition
of 28 t 5 keV the associated L-conversion electrons,
with an energy of 11 t 5 keV, could have been missed.
The most probable interpretation of the two groups of
electrons is that they were emitted from the L- and M-
shells in a transition of 37 t 2 keV.
The mean range of the associated oh-particles,
21.8 t 0.2 ja , is lower than that of the oh-particles
feeding the ground state of 22%la by 1.8 t 0.2 |u and
this difference corresponds to a difference of 250 t 30
keV between the kinetic energies of the oh-particle
groups. This suggests that the electrons were emitted
in the de-excitation of a level at least 200 keV above
the ground state.
The results obtained, by earlier experiments,
from studies of the Y-ray spectrum show no evidence
for the existence of a 37 keV transition. This could
be due to the unfavourable position in the energy
spectrum at which such a transition v/ould occur and to
79.
the low intensity of the Y-radiation, especially if
the multipolarity were E2. The present author cannot
find any contamination present in the impregnating
solution which could give rise to the events observed.
It must therefore "be considered that these groups rep¬
resent genuine conversion electrons emitted following
228
the od-disintegration of Th. The total intensity
of the transition could be either 0.21 t 0»0f% if the
radiation were El (conversion coefficient = 0.86) or
0.12 t O.Olj.% if the radiation were E2 (conversion
coefficient 700).
The following discussion is an attempt to find a
level scheme, consistent with the results obtained from
the investigations of the -particle and Y-ray spec¬
tra, into which the 37 keV transition can be fitted.
V.5* Consideration of possible level schemes.
The results obtained from studies of the
od-particle spectrum show the existence of two levels
in 22V which lie more than 200 keV above the ground
state, one at 217 keV and the other at 253 keV.
If the electrons were interpreted as having been
emitted in a transition de-exeiting the 217 keV level,
it would be necessary to postulate the existence of an
intermediate level, either 180 keV or 37 keV above the
ground state, depending on whether the electrons under
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consideration fed or de-excited this level. It is
already known that the 217 keV is de-excited by the
emission of two Y-rays with El multipolarity and,
therefore, if a third mode is to compete favourably
with these it would have to be El, or possibly E2,
Such a transition -would then require that the inter¬
mediate level, whether at 180 keV or 37 keV, had a
spectroscopic designation of 0 + or 2 + , if the radia¬
tion were El, or 1 - or 3 - if the radiation were E2.
An excited level with any of these spin and parity
values would be fed by -particles and no oC-lines,
which could be so interpreted, have been observed. Ho
Y-radiation of 180 keV lias beer, observed in the Y -ray
spectrum. In the above consideration, it is assumed
that the de-excitation process involves only two trans¬
itions but more elaborate schemes are also ruled out
for similar reasons.
On the other hand, if these electrons are assumed
to be involved in the de-excitation of the 253 keV
level and if they are emitted in the first part, of the
cascade process, the intermediate level would lie at
216 keV above the ground state, which is consistent
with the known level at 217 keV. This level would be
de-excited, in turn, by the transition discussed in
V.4.2 and V.4.3. The possible interpretation, that the
216 keV Y-ray was emitted before the electrons, can be
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ruled out for reasons similar to the above.
If this explanation s correct, then the 253 keV
level cannot be a h + state. This level would be de-
excited by two competing transitions, one of 169 keV,
leading to the 2 + level and the other of 37 keVs
leading to the 1 - level. If, as has been suggested,
the 169 keV radiation is E2, then the 37 keV would be
El. Such transitions lead to the assignation of 0 +
to the 253 keV level. With the multipolarities re¬
versed, the spectroscopic designation would be 3 -
(see Figures 19a, b).
These level schemes and other possibilities will
nov/ be discussed in detail. In Figure 19 the various
level schemes are shov/n; the established transitions
are indicated by the heavy lines and the suggested
transitions by the broken lines.
Figure 19&.
This level scheme would necessitate the existence
of a fifth line in the particle spectrum leading
to a level 290 keV above the ground state and no such
line has been observed. A more serious drawback to
this scheme is revealed by a consideration of the V-
transitions which would de-excite the 290 keV level.
If, as is suggested, this level lias a spin of 3 and odd
parity, it would be de-excited by three transitions,
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ji11GURE 19. SOME SUGOifjoTED iJSViSL ,-C lETlES OF 22**Ra.
See fiiecussion in the text.
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another (i) the 37 keV transition to the i| + level,
(ii) a 206 keV transition to the 2 + level and (iii)
a 73 heV transition to the 1 - level. The multi-
polarities of these transitions would "be El, El and
E2 respectively.
By following the treatment suggested by Alaga,
Alder, Bohr and Mottelson (1955)» the expected ratio
of the transition probabilities for the 206 keV and
37 keV El radiations can be calculated. In general,
the transition probability per second for ^-emission
of frequency to and multipole order Lis given by
T «X(L + O j_ /wyLt'iwn m~
L[2(L+I)!!]! « U 1 B(L' (l)'
B(L) is the reduced transition probability which can
be expressed as a product of the geometrical factor,
depending only on the angular momenta I, K, L, and a
factor involving integration over the intrinsic wave
function of the initial and final states. However,
when the reduced transition probabilities for the
emission of a given multipole radiation from a state,
i, to different members, f, f*, of a rotational family
are compared, the factors involving the intrinsic wave
function are the same and the ratio depends only on the
geometrical factors.
5 (L I[ >If) = <Ii L Kt Ky-KllliL Ip Kf >2 ( )
B (L It ♦If) <IL L KlKf— KiUiL Ip Kf >2
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The quantities on the right are Clebsch-Gordon coeffic¬
ients for the addition of angular momenta. In the
present case, the Y-transitions are El, the initial
state has a spin of 3 and the final states have spins
of k and 2. With Kj, = = 0 for "both transitions
and by using the expressions for the coefficients given
by Condon and Shortley (1953) the ratio of 300
was found from (1).
Since the 3 - level, if it exists, can "be popu¬
lated by oC-particles with an intensity of not greater
than 1% of the total 22^Th ^-emission, this ratio
indicates that the 37 keV transition could not he ob¬
served. This level scheme is therefore rejected.
The schemes shown in Figures 19c, d, e, f are
variations of those shown in Figures 19a, b. The
variations can hardly be justified on the basis of the
available energy determinations but they have the merit
that they permit the retention of the if. + level.
These schemes do not require the existence of an"un¬
it
observed line in the od-particle spectrum since the
ii ii
hypothetical level would be populated by the ©k-feed
to one or other of the known levels.
In the consideration of these schemes it is not
possible to use the above method. Owing to the lack
of information regarding the intrinsic wave functions
of the various states, the reduced transition probabil¬
ities cannot be calculated.
8k.
Figure 19e.
It is possible that the 11 and E2 transitions de-
exeiting the 4 + level could compete favourably with
one another since the E2 radiation is enhanced by the
available energy and by the fact that it occurs between
members of a rotational family. The 3 - level would
be fed, by the 37 keV transition, with an intensity of
0.21 ± 0.G7/&. This level would then be de-excited
I
by an El transition of 132 keV, leading to the 2 +
level. The Y-radiation from this transition would
be part of the observed radiation between the 1 - and
• ■ ■
2 + levels. With this interpretation, an intensity
of 0.09 t 0.05% would belong to the de-excitation of
the 1 - level. Such an intensity would not necessar¬
ily invalidate the conclusion of Stephens, Asaro and
Perlraan that the 1 - level has the K quantum number
equal to zero but it would increase the experimental
value which they calculated for the ratio of the re¬
duced transition probabilities.
In all probability the 3 - level would be fed by
06-particles. While an accurate estimate of the in¬
tensity of this feed cannot be made, it is to be ex¬
pected that the intensity would be less than that of
the oC-feed to the 1 - level owing to the difference
in the spins. This effect would result in an increase
in the intensity of the 132 keV radiation and a
85.
corresponding decrease in that of the 133 keV radia¬
tion. The intensity of the 217 keV radiation would
also he reduced "but the overall result of the <>c-feed
to the 3 - level would he a further increase in the
experimental value of the ratio calculated by the
above investigators which might he large enough to
destroy the basis on which K = 0 was assigned to the
1 - level. This level scheme is therefore suspect.
ffinure 19f.
When both the 37 keV and 169 keV transitions are
E2, it is most unlikely that the 37 keV transition
could be observed. This scheme can therefore be re¬
jected without further consideration.
Figure 19c.
On the basis of the raultipolarity assigned to the
37 keV transition, the hypothetical level could be
either a 2 + or a 0 + state. If this level were a 2 +
state, the 25k keV E2 radiation, which would occur
between this level and the ground state, should be
observed. Since no ^-rays with this energy have
been found, the spin assignment of 2 is doubtful.
If, on the other hand, the hypothetical level
were a 0 + state, the modes of de-excitation would be
(i) the 37 keV El transition to the 1 - level, (ii)
the 170 keV E2 transition to the 2 + level and (iii)
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conversion electrons, with an energy of at least 150
keV (0 +-—>0 + transition). If the 170 keV transi¬
tion can compete favourably with the El transition,
the emitted ^-rays would he observed as part of the
I69 keV radiation between the 4 + and 2 + levels.
If any conversion electrons are emitted, the tracks
so produced in the emulsion could be missed owing to
their low grain density at the high energy end. This
scheme is therefore a possibility.
Figure 19d.
The 5 - level in this scheme would be de-excited
by (i) the 37 keV E2 transition and (ii) the 170 keV
El transition. Unless the E2 radiation were greatly
enhanced due to its occurring between two levels which
may be members of a rotational sequence, it would not
be observed. This scheme therefore appears to be
improbable.
Figures 19a and b.
The comments on these schemes are similar to
those applied to the schemes of Figures 19c and d
respectively.
From these considerations, the most probable
schemes are those shown in Figures 19a and c, with the
uppermost level having a spin of 0 and even parity,
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although the scheme in Figure 19e cannot "be ruled out
completely.
The formula given by Feather (1952) yields some
information regarding the relative intensities of the
o£-particle feeds to the excited levels.
l03»( X?) + >'725 TT
+ 2 3i(^f (Z-2)"1 />*(■>!ryr)
where the X s are the partial disintegration constants,
the ?? s are the disintegration energies in MeV, the
j s are the values of the spin change, j>0 is the
1 P
nuclear radius in units of 10 cm., taken as O.S89»
in this case and C is a constant equal to 0.71 £ 0.01.
By calculating the ratio for the disintegra¬
tions to the ground state and an excited level of 0 +
at 293 keV", the intensity of the -particle feed to
the excited level was found to be 2*k% of the total
22&JIJ <*£-emission. Yftiile the formula is not expected
to give accurate values in cases where the spin change
is small, this result suggests that the existence of a
level 0 + at 253 keV is rather improbable. The cal¬
culated intensity for a 3 - level 253 keV above the
ground state is 0.25^ and that for a k + level is
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0.06>o. Therefore, it is tempting to suppose that the
schemes shown in Figures 19b and d are possibilities.
If one of these is the correct scheme, the 37 keV
E2 radiation must he greatly enhanced by occurring
between members of a rotational sequence. Assuming
that this rotational band is governed by a similar
equation to that given on page 65, then
Seven = 1(1 + 1) I = 0, 2, 4 ... even parity
E0dd =Mri»(i» + 1) I' = 1, 3» odd parity<r-d
where Seven and are the energies of the levels
in the rotational sequences commencing with the 0 +
and 1 - states respectively. Since the energy spac¬
ing between the 0 + and 2 + levels is 84 keV and that
between the 1 - and 3 - levels is approximately 37 keV
4j~ ^ Thus the onset of this odd parity rotational
sequence would require a large increase in the effec¬
tive moment of inertia.
1
It is obvious that the problem of deciding upon
the correct level scheme cannot be solved with the
data which is at present available and that further
experiments are necessary.
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The electrons of groups 5 and 6, with the excep¬
tion of one electron in group 5» are not associated
with a second conversion electron track. The inten¬
sities of the 212 keV and 137 keV V-rays, as given
by Asaro, Stephens and Perlman, indicate that approxi¬
mately haIf of the de-excitation of the 217 keV level
takes place "by way of the 137 keV transition in cas¬
cade with the 84 keV transition. If these electrons
feed the 217 keV level it is to he expected that, of
the 12 events observed, 6 should show an 84 keV trans¬
ition electron and 1 or 2 should also show the exis¬
tence of an electron from the 137 keV transition.
One electron in group 5 was associated with an electron
emitted in the de-excitation of the 84 keV level and
another event was observed in which the ^-particle
was apparently associated with three conversion elec¬
tron tracks but the interpretation was Impossible. It
therefore appears that some low energy electron tracks
have been missed in the events which showed an 84 keV
transition electron track. This is not unreasonable,
since the low energy track could be obscured, or mis¬
interpreted as part of the longer electron track.
Therefore, the correct composite intensity of these
two conversion electron groups is probably higher than
the value quoted earlier.
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V.6. Suggestion for further experiments.
These experiments would be designed to establish
initially two points (i) that the 37 keV transition
follows the ^-disintegration of 22®Th and (ii) the
multipolarity of this transition.
If this radiation were El the intensities of the
Ljs Ljj and L-qj conversion electrons would be in the
ratio of 0.26:0.29:0.31 (the estimated values of the
conversion coefficients) but if it were E2 the ratio
would be 10:365:332. Therefore, by comparing the
intensities of the three conversion lines, the multi-
polarity of the transition can be determined. In
principle, the following experiment enables this com¬
parison to be made.
nop
A solution containing a few millicuries of Th,
purified from its disintegration products, would be
evaporated to small volume. The residue would be
placed on a loop of platinum wire, diameter 0.3 mm.,
bent into the shape of a hairpin and evaporated to
dryness. The wire would then be straightened and
clamped into the source holder of a ji -spectrometer.
The conversion electrons would be detected with an
Ilford Selochrome 120 photographic plate which, after
an exposure of a few hours, would be processed,
examined under a raicrophotometer and the relative
intensities of the Lj, Ljj and Lju conversion lines
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estimated. Assuming that the energy of the transition
is exactly 37 k@V, the energies of the three lines are
17.77 keV, 18.52 keV and 21.56 keV respectively and,
therefore, by using a magnetic field of 100 oersteds,
the radii of curvature would be approximately 4.5 cm.,
4.6 cm. and 5.0 cm. With a narrow slit, 0.5 ram.,
these lines could be resolved.
In the source used, 22%h must be freed from its
disintegration products to 1 part in 10^. Following
the o<c-disintegration of 212Bi (ThC), a level is ex¬
cited in 2°8<j»i (^hc") with an energy of 40 keV. This
level is de-excited mainly by the emission of conver¬
sion electrons which might cause confusion if the
energy of the "37 keV" transition is higher than ex¬
pected. The 40 keV transition occurs with an inten¬
sity of 70% of the ^-emission, which itself occurs in
\
34^ of the disintegrations of 212Bi (see Figure 1).
Therefore, in order that the intensity of this transi¬
tion be less than 1% of that of the L-conversion
electrons from the 37 keV transition (taken as 0,08^),
it is necessary to reduce the activity of '~^2Bi to 1
part in 10^ of the equilibrium amount. To prevent
an appreciable growth of this isotope during the ex¬
posure time, 22%a and 212Pb must also be removed from
the 22%"h to a similar degree. The chemical separa¬
tion could be performed by a method similar to that
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described on page 22, recycling the various stages
three or four times, or by the use of an ion exchange
column.
Before performing such an experiment, it would be
necessary to calibrate the photographic plate since
the density of the blackening produced varies with the
energy of the electron under consideration (Iiladjenovic,
1954). In the region of the energies quoted above,
the density falls very rapidly with decreasing energy
and, therefore, the relative intensities of the three
lines, as shown on the plate, would not reflect the
true relative intensities of the electrons emitted.
Thus, the density versus electron energy curve would
have to be determined by using electron lines of known
energy and intensity. The density of blackening,
which could be obtained for the three lines, would
determine the strength of the source to be used for an
exposure time of a few hours.
If the 37 keV transition proved to be E2, the
schemes a, c and e would be ruled out. To determine
whether b or d, if either, were the correct scheme, it
would be necessary to examine the multipolarity of the
"169 keV" transition; scheme b would require it to be
El, whereas scheme d would require it to be a mixture
of El (170 keV) and E2 (169 keV). If, on the other
hand, the 37 keV transition were El, indicating that
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schemes a, c and e are possibilities, some information
could he obtained by establishing whether or not con¬
version electrons were emitted in a 0 + —>0 + transi¬
tion of about 253 &eV.
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Chapter VI.
SEARCH FOR A RARE qC -EMISSION
IN SS8Ra (MsThl).
VI.1. Introduction.
Prom time to time during the classical investi¬
gations into natural radioactivity, the possibility of
a branching in the thorium series at "28Ra (MsThl) and
288Ac (MsTh2) was considered. In the case of S28Ac,
various searches were made both for a rare o^-emission
and for the unknown isotope, 2S4Pr, which would result
from such a disintegration. The most careful of
these, by Hahn and Erbacher (1926), led to the con¬
clusion that the branching ratio of 828Ac is
<£1.5 x 10*"7, assuming that the half-life of the ^24Pr
is less than ten years.
The results of studies of the systematica of o<£-
disintegration in the heavy elements have been given
by PerTman, Ghiorso and Seaborg (1950) and by Glass,
Thompson and Seaborg (1955). Prom a consideration of
these systematics it is possible to estimate the ener¬
gies and then the half-lives to be expected in the
disintegrations of 228Ra and 888Ac. By using these
estimated half-lives, in conjunction with the known
half-lives for the ji -disintegration of 888Ra and 228Ac,




















228R8 4.10 MeV 109 years 6.7 years 6.7 x lO"9
228Ac 4,66 MeV 105 years 6.13 hours 7 X 10"9
The branching ratio of 2S8Ra can therefore be
taken as 6.7 x 10~9, within a factor of about 150
either way due to an uncertainty of £ 0.2 MeV in the
estimated disintegration energy, and that of 228Ac as
7 x 10"*9, within a factor of 100 either way corres¬
ponding to a similar uncertainty, If the *6-
disintegration of 228Ac is hindered, as it probably is,
the probable branching ratio is likely to be of
—10
the order of 10 . The search for the unknown pro¬
ducts, 224Em and 224Fr, which result from such branch¬
ing, thus presents a formidable problem. A method of
great potential sensitivity is, however, available
using nuclear emulsions.
By considering the closed disintegration cycles
PP4
as shown below, it can be predicted that the Em is
y3 -unstable by 0.6 1 0.3 MeV, and that the 224Pr, which
results both from the <*6-disintegration of 228Ac and
96.
ooa
the fi -disintegration of " Era, is p> -unstable by
3.0 t 0.2 MeV.
0.05 MeV
4.1 t 0.2 MeV
estimated




0.6 t 0.3 MeV
calculated
—^ 224p*^ — 6 >S24Ba
3.0 t 0.2 MeV
calculated
The heavy lines indicate the principal
modes of disintegration (see Figure l) and
the broken lines represent the branch disin¬
tegrations. The energies quoted are the
Q-values for the various disintegrations.
In order to make accurate estimates of the partial
half-lives it is necessary to know whether the /3 -
disintegrations are allowed or forbidden. In respect
224
of Em, which is the more important for the present
purpose, there is not much guidance to be obtained from
a comparison with similar species. s38Ra, with a
much smaller disintegration energy of ~ 0.05 MeV,
disintegrates by an allowed transition, but the prin¬
cipal mode of disintegration of (disintegration
energy 0.20 MeV) is at least ten times slower than
p40
allowed. The principal mode of J U (disintegration
97-
energy 0.36 MeV) is almost certainly allowed but that
of S46Pu (disintegration energy 0,40 MeV) is again some
three times slower.
Some information can be obtained by making
reasonable conjectures regarding the spin and parity
changes which result from the y3 -disintegration of
PP4.
Em, If it is assumed that the spin change is 0 or
1 1, then those disintegrations which involve no change
of parity will be characterised by an ft-value of the
order of 104j if the parity is changed, then the rele¬
vant ft.-value will be either 105*5 or 10fj*5, corres¬
ponding to a spin change of 0 or t 1 respectively.
Such spin changes are probable since the ground state
ppA
of Em, from which the y3 -disintegration occurs, has
a spectroscopic designation of 0 even, and it is
likely that either the ground state of 224Pr or an ex¬
cited level to which the fi -disintegration could lead
on the basis of the available energy, will have a spin
of 0 or 1. If the principal disintegration mode of
ss4Em is to the ground state of 224Fr, then the half-
life could be as short as a few minutes (no parity
change) or as long as two days (spin change of 1 and a
parity change); on the other hand, if the principal
mode of disintegration has an energy of, say, 0.4 MeV
the half-life could be as long as six days.
In respect of 224Pr, a close estimate is not
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necessary for the present purpose. Since, however,
5.0 MeV is available for the disintegration and since
there are, at least, four energy levels close to the
ground state in 224Ra, the half-life is probably a
few minutes only, although it could be as long as a
few hours. Therefore, whatever the half-lives, within
ppQ
the above-stated limits, the -branching at Ra will
result in a fairly rapid return to the main disinte¬
gration chain at 2S4Ra.
The fact that the 224Em is also ©^-unstable is
not worth taking into consideration in the present in¬
vestigation, since the predicted half-life is of the
order of 100 years.
VI,2, Experimental Method.
The method makes use of the fact that all the
isotopes of the emanation, which have grown within a
solution of. 228Ra in a given time, can be isolated in
a liquid air trap. Any 824Ra, which then grows in
this isolated fraction, can have been produced only by
the disintegration of the 224Em. By impregnating a
nuclear emulsion with this residue the presence of
224pa can be det3cted with certainty by virtue of the
fact that its disintegration results in the formation
of a "star" consisting of three or four ^-particle
tracks (see Figure 1). Any background of active
99*
deposit, from the disintegration of ss^Em, could not
give rise to such "stars". The hulk of the unwanted
activity was removed, by simple chemical separations,
before impregnation.
In the present experiments, a solution containing
OpQ
2 mC of Ra in 5 ml of IN hydrochloric acid, was
allowed to stand in a sealed system for at least four-
opA
teen days, to allow any present to approach
secular equilibrium even on the longest estimate of its
half-life. Nitrogen was then bubbled through the
solution for four hours. The emerging gas stream
passed up a column, 2 cm. in diameter, filled with
glass beads and glass wool, and then through a trap,
containing 2 ml of a frozen IN nitric acid solution,
surrounded with liquid oxygen. The efficiency of the
column in trapping spray had been checked previously
by bubbling nitrogen through a solution containing
5 iaC of 212pfc an(j examining the condensate for this
activity with nuclear emulsionj no such activity was
found. In the experiments with 2S8Rs, the trap was
sealed after the bubbling had been stopped, allowed to
stand for twenty-four hours, during which time it
warned up and the residue dissolved in the thawing
nitric acid solution.
A few drops of this solution was removed and set
pip
aside for fourteen days to allow the Pb to
100.
disintegrate. It was then used to impregnate a
nuclear emulsion as an additional check on apy carry¬
over of the parent activity, in spray, or by volatilis¬
ation, The fact that no such activity, which would
be indicated by the presence of "stars" consisting of
five -particle tracks, was observed proved that the
pop
carry-over was negligible. The Em, which results
from the disintegration of 226Ra present in the ~'2®Ra,
was removed by evaporating the main solution to dry¬
ness. In any case, the disintegration products of
pop
could not confuse the issue by giving rise to
"four-track stars". The residue was then redissolved
in nitric acid, carriers of barium and caesium were
added and were separately freed from traces of lead,
bismuth and thorium isotopes; in the former case by
eight successive precipitations of the barium as ni¬
trate by fuming nitric acid in the presence of lead and
bismuth carriers; in the latter by eight successive
precipitations as carbonates of barium, lead and bis¬
muth carriers added to the solution, followed by the
precipitation of caesium as perchlorate.
The purified solutions of barium and caesium were
used to impregnate Ilford G5 emulsions and these were
left to stand for fourteen days. If the half-life of
the intermediate "24Pr were short, then the emulsion
impregnated with the barium solution would contain
101,
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initially the bulk of the ' Ra which results from
the branching. If, however, the half-life of the
224pr were, unexpectedly, greater than two days, then
OpA
the Ra would accumulate in the emulsion impregnated
with the caesium solution. Emulsions were impregnated
with the distilled water used in the separation pro¬
cesses and with solutions of the barium and caesium
carriers; these emulsions were used as controls.
Freshly prepared emulsions were used in this in¬
vestigation in order that the number of background
events, inherent in the emulsion, would be as small as
possible. The final volume of the solutions, used to
impregnate the emulsions, was 25 cc.; the reason for
the use of such a large volume was the fact that the
emulsion could not absorb a concentration of barium
greater than 1 mg. per 5 cc. The emulsions were im¬
pregnated, exposed and processed in the same manner as
described in Chapter II. Searching of the plates was
performed under a low-power air objective and measure¬
ments, on some of the events found, were made under a
high power oil-immersion objective. In each piste an
p
area of 2 cm. was examined. Since the emulsion
tKree times
swells to about twioo its normal thickness on impreg¬
nation, this area corresponded to a volume of about
8 x 10~*2 cc.
102.
VI.3. Results and Conclusions.
Pour runs of this type were made and each time a
weak activity was detected in the emulsions which had
been impregnated with Be + 284Ra solution. This
activity was identified by a significant increase in
the "stars" consisting of four ^-particle tracks un¬
accompanied by similar increases in the numbers of





Ba + Ra plates
1st run 6 15 5
2nd run 15 28 10
3rd run 9 30 8
4th run _7 18 6
Totals 37 91 29
Barium plates
1st run 4 7 4
2nd run 9 12 9
3rd run 13 18 16
4th run _6 11 _4
Totals 32 48 33
Differences
(with standard deviations) 5 1 8 43 1 12 (-) 4 t 8
103.
Since the difference of 43 is more than three times its
standard deviation it was considered to "be significant.
Furthermore, since about two-thirds of these "stars"
showed an <>C-particle track with a range of 47 f-*-, cor-
Pip
responding to the 8 78 MeV disintegration of Po,
they must have resulted from the successive disinte¬
grations starting at 22l<Ba (see Figure 1). No activ¬
ity, significantly higher than the background, was
found in the emulsions which had been impregnated with
the Cs + 22^Fr sclution and this suggested that the
half-life of the 224pr iS less than twenty-four hours.
Until the intermediate isotopes 22^Sm and 22^Pr
are identified, these results cannot be considered as
proof that °V/3 branching occurs at 22^Ra, but they
do allow the placing of upper limits on the value of
the branching ratio. These upper limits were calcula¬
ted by making various assumptions regarding the half-
lives of the 22%m and the 22%*r. The half-life of
224^rj Which is less than twenty-four hours, may be as
short as a few minutes or as long as about twelve hours
and still give rise to no significant increase in the
emulsions impregnated with the Cs + Fr solution. The
values quoted in Table 6 take account of the fact that
there were two sources of 22^Era in the condensates (i)
that which had accumulated in the fourteen day period
of standing before the bubbling started and (ii) that
1CU'
which had accumulated in the four hour bubbling period.
They also include a factor of five to cover possible
losses in the condensation and separation processes
and a factor of three hundred to take account of the
fact that only a small fraction of the impregnating
solution was absorbed by the emulsion.
Table 6.
Upper limits of the "V/3 branching ratio of ^^3Ra.
Upper limit
Estimated Estimated 5 minutes 12 hours
half-life half-life
of Era of S24pr;
6 minutes 2 X 10~8 3 X 10"*8
1 hour 1.5 X 10"8 2 X 10~8
10 hours 5 X io-9 7 X 10"9
100 hours 3 X 10"*9 4 X 10~9
200 hours 3 X 10~9 3 X 10~9
105.
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